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ADVERTISEMENT. 



In the task of tnuulating the aeeond volume of Weisbach's 
*^ Ingenieur und Maschinen Mechanik," two feelings have animated 
me. The one, a oonviction of the great uaefuhieaa of the work, in 
which I was engaged, to the profession for whose membera it 
is intended; the other, a gratefui remembrance of the advan- 
tages I derived firom Professor Weisbach's friendship, while a 
Student at the Royal Academy of Mines of Freiberg, in 1838. 
The usefcdness of this second volume wül be manifest firom the 
practical interest and importance of the subjects treated. The 
first part of the volume, though far from giving a complete theory 
of engineering and architectural construction, brings many impor- 
tant questions of practice before the student in a simple form, 
and in a light by which he will more readily recognise the bearings 
of the mathematical calculations on this snbject, than has been 
usually the case in English works. The second part of the 
volume contains the only Theoretical Treatise on Water-Fower of 
the leaat practical value hitherto printed in the English language. 
The real importance of such a Treatise will be variously estimated ; 
but as it is the first publication in which a systematic attempt is 
made to familiarize English Machimsts with the application of 
exact reasoning in developing the theory of the machines treated 
of, it is believed that it must be interesting to them, and if so, 
it cannot fail to be useful likewise. 

The translation is, as much as in my power lay, a rendering 
of the German into English. I regret that circumstances have 
made it imperative on me to write the translation without an 



VIU ABVERTISEMENT. 

attempt at revisal. If there be any want of distinctness the 
blame is mine. 

I propoBe, in a third volnme of this Treatise on the Mechanics 
of Engineering and Machinery^ to give a '* Treatise on the Steam 
Engine/' or what more exactly expresses the subject matter^ " On 
the Motive Power of Heat/' that shall be eomplete in itself, and 
in aeevrdance with the gener al design of Mr. BaUtihm^s admirable 
series of Standard Scientific Works. 

In an appendix^ I have added a few notes to correct or amplify 
some matters in which Professor Weisbach, at the period of his 
book being printed, does not seem to have possessed the same 
information as is there given. 

The Appendix is taken from a Synopsis of my Lectures on Civil 
Engineering and Mechanics, published for the use of my stndents. 
A brief accoont of the " Tubulär Bridges/' I have aimed at ren- 
dering as populär as circumstances would permit. 

For the drawings of Mr. Darlington's water pressure-engine, I 
am primarily indebted to Mr. John Taylor, jun., and only regret 
that they could not be '^ reduced'* in time for the wood-cuts of 
them being introduced into the body of the work. 

L. Gk)RDON. 



GLASGOW COLf.KOB, NOYiniBER, 1848. 



AUTHOR'S PREFACE. 



In writing this, the second voIume^ I have adhered as closely 
aa poesible to my views of what the work should bc^ as explained 
in the pre&ce to the first volume. 

I am aware that these views are not adopted by all who are capable 
of judging in the matter^ and that a more general and mathematical 
treatment of the snbject would have been preferred by many. But 
I have now long experience in teaching to fall back upon, and am 
thereby convineed^ that the comparatively elementary style adopted 
as it can be followed by those who have not made extensive 
mathematical acquirements^ will more sarely lead to the intro- 
duction of applications of Mechanical Science in the routine 
practice of Engineers^ than the more general methods of treating 
these snbjects have done. 

A basis on true principles and established facta, and simplicity 
in the method of analysis, are the main requisites in a work 
intended for the instruction and goidance of practical men. And 
it is chiefiy the want of these, in technical literature, that has 
retarded the introduction of science amoL. jst those engaged in the 
execation of works, and the erection of machinery. If in evolving 
roles of art, imperfect facta be assomed, or un^varrantedhypotheses 
be adopted — ^if the essential be not distingoished from that which 
is merely coUateral, and if important considerations be neglected, 
it cannot be expected that the rules deduced, however correct 
the procesB of dednction, will be available for any useful appli- 
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cation. But this ia no uncommon fault. Authors forget that 
the mathematics can only guide our ideas, and not gioe iis any : 
and thus, in admiration of thcir analytical processes, they oftcn 
overlook the worthlessness of the premises. Hence it arisea that 
practicians not nnfrequently reproach theory as yalueleas, wliilst 
it is^ in reality^ the facta of the case that have been erroneoosly 
stated or applied. Besides^ it ia not an easy matter to dednce 
roles of art by the principlea of acienoe; for this requirea not 
only an intimate acqnaintance with the aubject investigated^ but 
generafly requirea special obaervations or experimenta to be made^ 
in Order to create the facts, ao to apeak^ that are to be reaaoned 
npon and reduced to a theory which ahall interpret them. 

In this aecond volume of his work^ the Author has done his 
utmost to develope theories that will be found applicable in 
practice — to fumiah the guide above alluded to — well aware^ 
however^ that hia endeavoura have only imperfectly aucceeded. 

Thia volume is divided into two parts; the firat^ the appli- 
cation of Mechanica in Construction^ and the other to the theory 
of Machinea recipienta of Water and Wind Power. The Author 
regrets now hia not having entered more at large into a diacusaion 
of the theory of the conatruction of wooden and atone bridgea^ 
and more particularly not to have been able to avail himaelf of 
the information contained in Ardanfa Etudes mar Pitablüiemeni 
des charpetäes ä grande portie, aa thia aubject ia^ in theae 
timea of railway extenaion, of eapecial importance (in Oermany.) 

The aecond part of the volume ia aa conciaely written as was 
consistent with the object I had in view. I now regret having 
been ao brief on the important aubject of Dynamometera. The 
chapter on Turbinea may appear to aome to err in exceaa^ from 
my having given the details of the theory and conatruction 
of the old impact and preasure turbinea ; but I conaider that it 
ia important to be aware of the faulta or imperfections of one 



constraction of a machine^ in order fülly to appreciate the improve- 
ments intaroduoed in a moie perfect one* Again^ the application 
of Water-pressure Engines^ being almoat entirely confined to the 
Mining Engineer's province^ the fuUness with which I have 
treated thia engine may appear to ezceed its relative importance. 
The circumstance^ however^ that there is no work in any language, 
that I am aware of^ treating of these engines, muat be my 
apology for attempting to fill that gap in technical literature. 

I hope soon to add a third volume to my work^ containing a 
Treatise on Mechaniam^ and on the principal Operators, or machinea 
perfoiming varions mechanical Operations. 



JüUüs Weisbach. 



FBB1BSRO, DSCKIfBKR, 1847. 
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ow 

THE MECHANICS 

or 

MACHINERY AND ENGINEERING. 



SECTION L 

THE APPLICATION OF MECHANICS IN BUILDING. 



CHAPTBR L 

OF THE EQUILIBEIUM AND PEESaVXB OF 8BMI-FLUID8. 

§ 1. Sand, earihf com seeds^ shot, ^c, ^c, may be oonsi- 
deied as sem-ßidds. — ^They resemble fluids in so far as like these 
they require ertemal support that they may preserve a particular 
form. The mutual adhesion of the parts of aemi-flaids is of course 
greater than in the case of water. Water always reqnires external 
supporty while thia is only the more frequent case with so called 
semi-fluids; and whilst water is in eqnilibrimn only when its 
snrface is horizontalj the disintegrated masses or semi-fluids in 
qnestion^ may be in stable equilibrium^ though their surface be 
indined. 

If the parts ef a disintegrated mass be connected by their 
mutual firiction alone^ the mass will be in equilibrium when its 
Burface is not inclined to the horizon at a greater angle than the 
angle of repose p (vol. i. § 159). The natural slope of disinte- 
grated masses is determined by the angle of repose. If by the 
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FIG. 2. 



slope of a declivity AB^ Fig. 1, we understand the ratio 

''«• ^- -oftheba8e-4C=*to-the height CB=^a, it 

is evidently = cotang. p, or, as lang, p is equal 

to the co-efficient of fnctionf, -= ^« 

According to Martony de Köszegh, the 
natural slope of perfectly dry soil, for example, 
= 1^243^ and for moist soil = 1,083. Hence, the angle of slope 
in the first case is = 39®, and in the second 43®. 

For very fine sand, the slope = ^, therefore, the angle of slope 
= 31®. For rye seeds, the author found p = 30®, for fine shot 
p = 25®, and for the finest shot p = 22^®. 

Remark. Experiments on the slope of disintegrated masses are made by heaping 
them up, and dressing them off from below upwards. 

§ 2. Pressure ofearth. — If a disintegrated mass, such as earth, 
be supported by a retaining wall, it exerts a pressure [pouss(e) 
against it, a knowledge of which is of importance in practice. 

Suppose a body of earth 3f, Fig. 2, 
supported by a retaining wall AC^ 
the back of which is vertical. Take 
as a first case that the earth and 
wall are the same height, and the 
eartVs surface in no way extra- 
neously loaded. Suppose that a 
wedge-shaped piece ADE separates from the general mass, and 
thus rests on the retaining wall on the one side, and on the earth 
on the other ; put the height AD of the earth and wall = h, the 
density of the earth M = y, and the angle AED which the surface 
of Separation AE makes with the horizontal = 0. Let us con- 
sider a length of the mass (at right angles to the plane of the 
figure) equal unity, then the weight of the wedge ADE : 

G= ^ . 1 . 7 = i Ä . A cotg, . y = 4 A» cotg, <t> . y. 

The vertical back AD is acted upon by the pressure SP = P at 
right angles to it ; and therefore it may be assumed that an equal 
opposite horizontal pressure maintains the prism ADE on the 
inclined plane. We know also (§ 159) that a force will be taken 
up by a body if its direction does not deviate from the normal to 
the plane of contact by more than the angle of repose, and we may. 
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therefore, assmne that the second component force Ä of G is taken 
up by the mass below AE, even supposing its dircction to deviate 
from the normal SN by angle R8N = p. As N8G = AED = 4>, 
we have RSG = <^ — p, and therefore the horizontal pressure on 
the retaining wall P ^ G tang. (^ — p) (compare vol. i. § 162), or 
P = i Ä* 7 cotg, ^ fang. (^ — p). 

Thia force deponds npon an unknown angle <f>y or upon the 
dimensions of the prism of pressure, and is thus di£ferent for diffe- 
rent valaes of f, and a maximum for a certain value. If now 
ADE bc the prism of greatest pressure, and henoe ADO a prism 
exerting a less pressure, we have in AEO a prism which requires 
no force to maintain it on its beam, but which would rather require 
some force to pull it downwards. And so for other wedges AOH^ 
&c., into which we might divide AEFy because these rest on still 
less inclinations ; we may therefore assume, that by an opposite 
force equal to the maximum pressure P, not only the prism ADE, 
but also the prism below A^i and AEF, is perfectly sustained, 
and that therefore this maximum pressure is that which the retain- 
ing wall is subjected to from the whole mass. 

§ 8. Prigm of greatest pressure. — ^We must now determine 
the prism of maximum pressure. We have manifestly only to 
determine that value of <^ for which cotang. <t> tang. {<p — p) is a 

Now cotang. <h tang. (<^p) ss ^^' )^ ^ \ ^.^' ^ . and as this 
^ ^ ^ ' stn.(2 4i — p)+«». p 

fraction is greater than greater sin. (2 ^ — p) is, we shail have 
cotang. (f> tang. {<f> — p) a maximum when sin. (2 ^— p) is a maxi- 
mum, that is = 1, or 2 — p = 90®, i.e,<^ = 45® -h |. Hence 
we name the pressure of the earth against the retainiag wall : 
P=4 tf y cotang. (45® + |\ tang. (45® — 0, 

or since cotat^. f 45® + = tang. (45® — g j , 

P=i AS [/aiv. (45® -|)J. 

90®— o 
The complement of ^ = 45o + | is DAE='tö^ "~ 2 ~ ^2 

= one half of the complement to 9QP of the angle of friction p. 

1* 
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Therefore the surface AE of the prism of pressure bisects the 
angle DAF which the natural slope AF makes with the vertical 
CD. We can now very easily compare the pressure of a diainte- 
grated or semi-fluid mass with that of water. In the latter the 
pressure is J Ä* y^ (vol. i. § 276), when h = height, 1 = breadth 
of pressed surface. In the case of earth, on the other hand, we 
have the pressure 

where y^ = the density of water, aud c the specific gravity of the 
semi-fluid. Hence the pressure of earth is always 

e I tanff. /45^ — ^)\ ^^^ ^ grest as the pressure of water, 

or the pressure of a semi-fluid may be set as equal to the pressure 

of perfect fluid of specific gravity e I fang. (45^ — a) | • 

Thus we see that the pressure of earth increases graduaUy 
from the surface downwards, or is proportional to the pressure 
height. 

It follows likewise, that the cenire qf pressure of earth-works, 
&c., &c., coincides with the centre of pressure of water, and that^ 
therefore, in the case in question, where the surface is a rectangle^ 
it is at one third of the height h from the base (vol. i. § 278). 

Exanqtle, If the specific gravity of a mass of com seeds, heaped 6 feet higli, be 
0.776 (vol. I. § 291, remark l), it exerts a pressure against each foot in length of a 

vertical waU: P « i . 6» . 0,776 . 66 . \{tang, 45o— |\T«18.66. 776(te»v30«)» 

« 921 . 9 X . 5773 . 6« » 307 . 3 Ibs. 

§ 4. Cohesion of semi-fluids. — ^In the above investigations we 
have omitted to consider the cohesion^ or that mutual union of the 
parts of the mass, increasing with the surface of contact. As this 
cohesion, however, in the case of the less disintegrated masses, as 
for instance, in well compacted earth, is not unimportant^ we 
shall now introduce it into the formula. Let us put the modulus 
of cohesion, or the force of union for the unit of surface of 
contact = If, we have for the case shewn in Fig. 2, the force 
required to separate the prism ADE on the surface 

AE, = l.AE.K = 4-^ . 
sin, 
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The vertical component -: «n. 9 = k h counteracts gravity, 

and the horizontal component -: — . cos, f =z k h cotg. ^, coun- 

ah. ^ 

teracts the i)re88ure. If^ therefore^ we introduce into the 

formula P^G tang. (♦— p), instead of P, P+k A cotang. <t>, and 

instead of G, G — k h, we then ohtain the equatiou : 

P={G — K h) fang. {4> — p) — xh cotang, <t>. 

If again we Substitute G = ^ k*y cotang, <i>, we have : 



V "'''."/ ^"' 



/*''.' 






c. Xv^^ r'^-^o' y-J'-/ --';:- -'^^^'V ^^•^' ^ "'"'', ' ""'>' 



0ai>2.^ ~- c^'jy-Sm^^ 



ce^ 



ij, /- ^S'i/V. ) .^./c "-^ 



/ -Cc-:J^ 









'. .V« /<- j" ^ Ä ^^ - " - y 



l-|_te»«r.^^45"--^jj 
= [/«»ö-. (45»+^) — lang. (45« — y)]^«^. (45* 
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V"' r. 



This force is for i Äj y fang. ^45<> — -^ j = 2 r, that is. 



Cu^ 



f or Äi = 



4ic 



y ^a»^. 



(«'-i) 



For this height, therefore, a coherent mass may be cut verticaUy, 
and should continue so to stand. Inverscly^ from the height Ä| of 
the vertical face of any soil, we may deduce the modulus of 
cohesion^ for 



= i Äiy tang.{45^ - -^' 



Therefore, the cohesion of a mass is greater or less, according 
to the height h^ for which it maintains a vertical face. 
If we introduce Aj into the expression for P, we obtain : 

P=^(A_Ai)[te«ö-.(45-|)J. 

For sand^ seeds^ shot, and for newly turned soils, h^ is very 
small ; for compressed compact soils, it is sometimes considerable ; 
for disintegrated, moist earth, Martony found h^ = 0,9 feet, whilst 
for the same material soaked with water, A^ = 0. According to 
circumstances, a vertical face of from 3 to 12 feet maintains 
itseK in different soils. 

In most cases of practica! application, it is advisable to omit the 
eflFects of cohesion. 

§ 5. Surcharged masses of earth, — If the earth-work 3f , Fig. 8, 
be loaded on the snrface, with buildings 
or otherwise, as DEH, the retaining wall 
undergoes an increased pressure. To de- 
termine this increased pressure, let us 
put the pressure on each Square foot of 
the horizontal surface = q, then the pres- 
sure on the surface for ADE = q . DE 
^ q h cotang, 0, and therefore the hori- 
zontal pressure, without reference to cohesion : 

P={G + q hcotang. 0) iang. (0 — p) 
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= ( i *^ y + g A ) . cotg. ^ fang, ((p — p), or aa ^=45^ + y 

P= (\ W y^-qh) [tang. (450 - -|-)]\ 

Tofind the point of application of this force^ we must deoompose 
it into its two parts i Ä* y 1 fang. (45® ~ j I and 

qh\ lang, (45® — -^ ) |3. The first pari haa ita point of appli- 
cation at \ of the height h above the base Ay and, therefore, ita 
statical moment referred to tbis point : 

J^.kKy\u^. (45o_f )J=42L[/«„,. (450-X)]V 

By tbe aecond part^ however, equal portiona of the vertical wall 
are eqaally preaaed, and therefore the reaultant preaaure of thia 
part paaaea through the centre of gravity of the wall^ and 

acta at half the height ;r firom the baae. Hence the atatical 
moment of the aecond force 

= ».,» [,»«. (45»-x)j = 2|! i;,^. («.-f)J. 

The moment of the entire pressure is thus : 

(i A' y + i ? A') \tcmg. ^45° — ^)T, and, therefore, the 

lererage of the force, or the distanoe AO = a oi its point of 
application from the base : 



iÄ-y + iA'?) 



(JA»r + hq) 

/_Ay+3£\ 
\Zhy\-&q)"' 



>(^-i)T = iAv^iA, 



-,«^.(^_x)J i*r + . 



Remark. U the earth be cairied above the cope of the wall, and form from it a 
natural alope, the formnla of § 3 is still applicable, if A be put equal to the height 
of the earth, and not that of the walL 

§ 6. Retaimng walU, — ^The preaaure of earth haa often, in 
engineering^ to be withheld by retaining walla (Fr. revStements), 
or by waUing-timbera, and sheet-piling. Retaining walla of 




8 SLIPPING Or WALLS. 

masonry are most usual, and we shall, therefore, here treat of 
these in greater detail. 

A wall ACy Fig. 4, may be either pushed forward, or tumed 
rio. 4. over by a force KP=iP. If we supposc this 

wall composed of horizontal courses of stone 
bedded on each other, we may assume that, 
should the wall give way^ a horizontal crack 
will form, upon which the upper part CU slides 
forward or tums about. For security we shall 
neglect the cffects of mortar, and take only the 
friction between the beds into consideration. 
From the force P, and the weight G of the part CU of the wall, 
thereresults a force KR=R upon the magnitude and direction of 
which the possibility of an overtum or sliding forward of this part 
of the wall depends. If the angle RKG, by which this resultant 
deviates from the normal to the plane of Separation UV^ be less 
than the angle of friction p, the wall cannot slide forward (vol. i. 
§ 159) ; and if the direction of the resultant pass within the joi»/ or 
plane of Separation, then rotation about the axis V is not possible 
(vol. I. § 130). 

In most cases of application it will be foimd that rotation 
more readily takes place than sliding, and therefore in building 
retaining walls, provision against the former has to be made. 
Rotation, or heeling is the more apt to occur, in as much as it not 
unfrequently takes place, not about the axis V, but about a point 
Fl nearer the resultant R ; because the pressure concentrated in 
F, compresses or breaks the stone near the point V. 

If the points of intersection W, for a series of resultants R pass- 
ing through the joints, be found, and a line drawn through these, 
we have what is termed the line of resistance, and it is easy to 
perceive that an overtum of the wall cannot take place, so long as 
this line does not pass beyond the joints of the wall. 

If the force P, which «the wall has to withstand, deviates in direc- 

1 £ S J 

tion from the vertical iao>o than the angle p, there can be no 
question of its sliding, because the resultant of P and 6 always 
makes a smaUer angle with the vertical than P alone. 

§ 7. Slipping of walls, — If we Substitute for P the pressure of 
earth found above, we can determine the thickness, having which, 
a wall will be sufficient to withstand this pressure. Let us con- 
sider in the first place, the case of slipping for a wall AC, Fig. 5. 
Suppose that the earth^work pushes forward the part UC, on the 
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Joint UV. If we put the thickness 
at top of wall CD = b, the relative 
batter = n, and the height DU=s, 
we haye the thicknesa : 
UV=i b -^^ nx, and the Contents 
of UC for 1 foot in length 



and therefore the wdght, 

G=( b -h -^j ^^ij Ti being the density of the masonry. For 

the pressure of the earth on DU, we have generally : 

P=(J a»y + qx) ^tang. (45» - -£-)]'; 

and hence^ for the angle RKG = ^ made by the resultant R with 
the vertical ; 



which we 



as 4^ must be less than p, therefore tang. f < f, 

(f^['«^(««-i)]'</- '^■» 

haye the thickness of wall : 

a>i-i£[,^.(«._x)J_~. 

For d? = we have the thickness at the top : 

Ä > ^ I tanff. {45^ ~ "o") I ' *^^^*^^ ^^^ 9—^> ^^ ^*^^ *=0; 
for x=h, the whole height of wall^ the thickness is : 

'>^r^'D«^(«"-i)J-T- 

To apply this formula to a dyke or dam^ we must put p = 0, 

and q = 0; then we get i > (-^ ** ) "2"' (^^^' ^* § '^^)* 

The formulas give for g = 0, (that is, when the surface of the 
fluid or scmi-fluid reaches to the top of the wall) the breadth at 
top = ; but experience has proved that the thickness here should 
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rarely be less than 2 feet^ and in positions liable to wear and teao 
always above this dimension. 

Remari. The co-efScient of frictioii for stones and bricks in contact with eaek 
other (vol. i. § 161), is from 0,67 to 0,75. And when a bed of fresh mortar is 
interposed only 0,60 to 0,70. Mortar once <e/, acts by cohesion or adheslon, and 
according to Boistard, the cohesion of mortar is from 800 to 1500 Ibs. per Square 
foot. According to Morin, this amounts to from 2000 to 5000 Ibs. 

§ 8. Abutting resistance ofearth. — ^We must distinguish betwecn 
the active sni passive pressure of the earth. In the cases hitherto 
considered, the pressure is active, pressing against a passive resis- 
tance. The pressure of earth, however, becomes passive when it 
opposes an active force as resistance, as when it resists the thrust 
of an arch, &c., &c. Poncelet has termed this effect of earth- 
works, bfä^e des terres, (German, Hebekraß der Erde), and 
Moseley has termed it resistance ofearth. The resistance which 
a body opposes to being pushed up an inclined plane, is greater 
than the force necessary to prevent the sliding of the body down 
the inclined plane, and just so, in the case of disintegrated masses, 
the resistance which they oppose to a vertical surface, moved hori- 
zontally, is greater than the force with which they press against 
a vertical plane at rest. Whilst we have above (vol. i. § 162) put 
the latter force, P= G tang, {(f) — p), the resistance of the latter 
^^^ g must be set P = O tang, (<l> + p), 

or, as G is the weight i h* y cotang. 
(f> of the prism of pressure ADE, 
Fig. 6, P=i h^y cotang. (f> tang. 
(0-l-p). This resistance P depends 
on the angle AED=<f> at which the 
assumed plane of Separation inter- 
sects the horizontal, and is a mini - 
mum for a certain valve of <l>. But in order to find this value, 
let US put : 

and we see at once that this is a minimum, when sin. (2 <^+p) is a 
maximum, that is when 

2 <^-f p=900, therefore 0=45^ — ^ . 

2 

If we now introduce this value into the formula for P, we 
obtain the least resistance of the earth-work. 
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P=4A'yco/on^. (45«- 



±. 



) lang. (45» + -|-) 
=iÄ»y[/fl»v.(45«+-|-)]' 
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His is^ generally, the resistance with which eaith or any 
ether disintegrated mass withstands a moving force ; for as soon as 
this force is eqoal to that redstance^ a yielding of the mass takes 
place. 

§ 9. Depih of foundatians. — An important application of the 
passive resistance of earth, arises in the founding of retaining and 
other walls. If the ground on which the retaining wall is to stand 
be clayey^ or wet^ the co-efficient of friction between the wall and 

the ground fall as low as 0^3^ and then a 
slipping of the wall may yery easily 
occur. It is^ therefore, necessary in 
such cases to dig the foundation to such 
a depth^ that the passive resistance on 
the outside^ combined with the friction 
on the bottom^ may counterbalance 
the active pressure on the inside. If 
G be the weight of a supporting waU 
AC, Fig. 7, therefore fG its friction 
on the bottom AB, if A be the height of the earth at the back^ 
and Äj the height in firont ; if fiirther, p and y be the angle of fric- 
tion, and the density for the one, and f>i and y^ these for the 
other earth mass, we have : 

fG+ih,'Yi [tanff.(4&^+f)'j =iA»y [/oi^- (^S»- -|) J 

and therefore the depth BK of the foundation for such a wall : 




^.= \J^ 



to^.(450-|)J-2/G 



Yi 



. lang. (45» — -|-Y 



Por secuhty, a eo-eßcient of stability 1,4 has been introduced (by 
French engineers for the revStement walls of fortifications), and 
therefore the depth : 

Ä, = l,4 fang. (45«-f )\/ —^ St" "^ 

is givcn to such walls. 
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Bxan^fe, To what depth must a parallel wall 8 fSeet thick, and 13 feet dear 
height, haye its foundation sunk, that it may withstand the pressure of water Stand- 
ing leyel with the top of the wall ? In this case p=0, y »62,25 Ibs. (for which we 
take 63) A-ld feet; also /» 0,3, pi^dO«, y»l,6x 63 »100,8 Ibs., and G the 
density of the masonry being 2 x 63 »124 Ibs =8 x 13 x 126« 13104 Ibs., therefore. 



A, » 1,4 tang, (45»- 



-15) aJ 



W X 63,2 X 0,3 X 13104 



100,8 



>■ 4,25 feet very nearly. 
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§ 10. Heeling of retaimng wäUs. — In order to appreciate the 
stability of a retaining wall in reference to stability^ it is necessary 
to detennine its line of resistance. For simplicity, we shaU first 
takje a parallel wall AC, Fig. 8. If we had only 
a horizontal force KP=P to deal with, the point 
of application of which is at a distance DO=a 
from the cope of the wall, the line of resistance 
would be a hyperbole, as the following simple 
view of the subject eftiews. Of the fopoe P 
(whose point of application we assnme in the \me 
passing through the centre of gravity of the wall) 
and the weight 6 of UVCD, the resnltant is R 
which intersects UV in ^, a point in the line of resistance sougfat. 
If we now put the thickness of the wall JBs=CD=b, its density 
= 71, the abscissa KN=x, and the ordinate NW^y, we have 
G = (a + 4?) b 71, and from similarity of triangles : 

WN RG ^^ ^ . y P 

KN 




KWN.niKRG:^= ^, that is ^ = j^:,-^j^. 



Px 



and hence the equation of the line of resistance y = , ~^— = — . 

^ ^ (a -h a?) Ä 7i 

From this we see that when a: = 0, y = 0, and for a: = oo. 



= -r — y and for ar = — a. 



00. The curved line of resis- 
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tance, therefore, passes through K, and has not only the hori- 
zontal CDy but likewise a vertical EFior 

p 
asymptote, distant ST = -r — from the 

centre of gravity 8 of the wall. 

It is otherwise of course for a wall to 
withstand pressure of earth or water as 
AC, Fig. 9, for here a is variable, because 
P is applied at a point 1/ at ^ of the 
height Dl/xxom the base, If we draw 




jui[ ^ 



'^ir 
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the end of .the vertical line through S aa origin of the co-ordinates^ 
that is, if we put HN=x, we have : 

y = w-f— I i^nff. (45® 1- J I . «•. Thia equation corres- 

ponds to the common parabola with abscias y and ordinate x. 

IS, however^ we suppose the earth-work carried a height A^ 
above the cope of the wall, we must adopt the proportion : 

have the equation y=Q^ Vianff. (4&^ — ^)T ^£±^, 

§ 11. The stability of a retaining wall requires not only that the 
line of resistance be within the waD, but alao that it ahall not 
come too near the outside of it. The famous Marshai Vauban 
gives the practical rule : that the line of resistance should intarsect 
the basis of the wall in a point whose distance from the vertical 
passing through the ceniie of gravity of the wall is at most -^ of 
the distance of the outer ans of the wall firom this line. Ifj as 
Poncelet doeSj we call the reciprocal of this number, or the ratio 

r=j between the distance of the outer axis from the vertical pass- 
ing through the centre of gravity, and the distance of the point of 
intersection L of the line of resistance from this gravity line, the 
co-^cient of stability , and represent it generally by ^, we have 
for the stability of a parallel wall, withstanding the pressure of 
earth, (by introducing into the last formula instead of x, the 

height h of the wall, and instead of y^jr) • 
and therefore the requisite thickness of the wall : 

'=(*+*.) '"»•(«"-t)VÄt^- 

K for i we Substitute ^ = 2,25, and for — , f a mean value, we 
get : 
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4=0,707 (A + A,) /y/^^ . tang. [^' - \) • 

If we take p=80ö, weobtain A=0,4 (AH-AJ^AjLA . 
Poncelet gives : ^ 

Ä= 0,865 (Ah-Ai) tang. ^45^—0 A/— * ^^ approximately : 
b = 0,285 (A-h A^), for cases in which A^ varies from to 2 A. 

Eaeanqtle, What must be the thickness of a parallel wall of 28 feet in height to 
retain broken stones, mine rubbish fbr a height of 35 feet. ABsuming that the den- 
sity of the wall » 2,4 x 63 = 151,2 Ibs. The density of the rubbish 1,3 x 63=81,3 
Ibs., and p=50<*. Aoeording to Poncelet's formula : 

b « 0,865 X 35 tang. (45<»— 25») a /H « 30,3 a/— . tang. 20» = 8,11 feet. 

§ 12. Poncelefs tables. — ^To facilitate applications of the for- 
mula> Poncelet has calculated the foUowing table, which contains 

values of -r corresponding to given values of ~, — , and p. There 

are two cases distinguished in the table, namely the case when the 
earth-work is heaped, as is shewn in Fig. 7, the coping being 
covered, and the case shewn in Fig. 10, where a berme of the 
breadth 0,2 A, from the outer edge of the cope of the wall, is 
left before the natural slope of the embankment begins : so that, 
in Short, a promenade is left of the width CL = 0,2 A. 

The headings of the table ezplain themselves. . . 

'- / ^ .'i .'/ '^^ " -"'^ 



/ / -7 * <V 
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RETAININO WALLS WITH BATTER. 



In this table the limitir^ values have been principally held in 
Thus 2i = 1 corresponds pretty nearly to one limit of the 



View, 



ratio of the densities of masonry and earth, while ^ = ^ corres- 
ponds to the other. Again^y or tang. p = 0^6 is the value for the 
least coherent earths, and/= 1^4 the value for stiff compact 
earth work. In many practical cases^ the required proportion has 
to be deduced by Interpolation. 

i2muirit.Thefonnulaö».865 (A + *i) tanff* (*^°""2/ \/~ pves results cor- 
respondlDg with those in the table to within ■^. 

The values in the table refer to parallel waUs^ built with mortar. 
If the extemal batter of the wall does not exceed 0,2, that is 2,4 
inches per foot, the breadth b found above, will be that of the 
wall at -^ of its height from the base, and through this point the 
line of batter is to be drawn. 

Remark. The dimensions reiulting from Ponoelet's rules or tables are applied in 
France for walls of fortifications, but give dimensions nearfy onefntrih greater than 
the average practice of ci^il engineers in Britain for the same relative circumstances. Tr. 



FIG. 10. 



™^^5 



§ 13. Retaining walb with batter. — If 
the wall has a batter, or if its profile be a 
trapezium AC, Fig, 10, the thickness neces- 
sary to insure resistance to rotation can 
only be determined by aid of a complicated 
expression. If we assume the face AB as 
the plane of Separation, and put KF= OA 
= X, and FL = y, we then have again : 



G' 



and 



FB = 



G 



—7T-- Bot as ar=4- (A+Ai), and 



P= i (A+ V y \tang. (450 - -|-)]*, 

and if b the thickness at top, and n the relative batter, therefore, 
nh the absolute batter, G=(M + i rih?) y^, and, therefore. 



Vi 



{h+h,f . [ton^.(450--|-)J 



6A(Ä+i»A) 
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The diBtance BF of the outer edge of the wall from the vertical 
passiDg through the centre of gravity^ is : 

Ä+»Ä 8i+«Ä nA 8i» + 6nÄÄ-l- 2v?h? 



2 ^2Ä-f«Ä' 6 3(2Ä+«A) 

and hence we may put : 

3Ä'+6«A*+2»*A»=^ . ^^^ ^ang. (46»- ^)J, 

and henoe the thickness of wall at top : 

' = -"*+ A/^'T^T"^(*'"-i)J"-^*""'- 

Bemark l. If the back of the wall have a batter likewise, we have a differeni 
prism of greatest pressure to deal with, because the force applied to the wall is no 
longer horizontal. The investigation beoomes complicate, and we forbear to enter 
npon it, but shall refer to works treating of the snbject. 

Bemark 2. Coulomb was the first to proponnd a good theory of the pressure of 
earth. See " Th^rie des machines simples.'' Prony in bis *' L69ons sur la pous- 
s^ des terresy (1802);" extended Coulomb's theory. Navier pursues the same 
notions with much deganoe and predsion in bis " Le9ons sur Tapplication de la 
m^canique, tome i." Mayniel, in 1808, published a special treatise on the pressure 
of earth, in which the observmtions and theoiies of bis predecessors are reviewed, 
** Trait^ exp^rimental, &c, de la pouss^ des terres." C. Martony de Köszegh 
made experiments on a large scale for the Austrian goyemment, which were pub. 
Hsbed in 1828, under the following title : '* Versuche über den Seitendruck der 
Erde, ausgeführt auf höchsten Befehl, &c., und verbunden mit den theoretischen 
Abhandlungen von Coulomb und Fran9ai8, Wien, 1828." The most complete work 
on the pressure of earth, is that of Poncelet in the " Memonal^ de rofficier du genie, 
1838," and which has been translated into German by Lahmeyer, Braunschweig, 
1844. In Mosdey's <* Engineering and Architecture," this subject is handled with 
great eleganoe and sucoess. Hagen has a chapter on this subject in the seoond pari 
of his admirable *' Wasserbaukunst," in which he tal^ a peculiar view of it. 
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18 ARCHES. 

CHAPTER II. 

THEORY OF ARCHES. 

§ 14. Arches.^-An arcb (Fr. voüte, Ger. Gewölbe), is a system 
of bodies resting upon each other, and supported by two fixed 
points^ in such manner^ that they are in equilibrium not only 
among themselves, but with certain extemal forces. The material 
of these bodies is usually stone, and hence are termed arch-stones, 
(Fr. vomsoira, Gr. Gewölbesteine). The planes of contact of the 
stones are the beda or jointa. The fixed points upon which the 
arch rests are termed abutments, (Fr. Pieds-droits, Ger. Wider- 
lager), and in certain cases piers, (Fr. cuUes, piliers, Ger. Pfei- 
ler), Of the arch-stones^ the highest is termed the key-^tone, 
(Fr. clef, Ger. Schlu88-8tein), and those which rest on the abut- 
ments or piers, are termed imposts or Springers, (Fr. coussinets, 
Ger. Kämpfer). An arch is included between two more or less 
curved surfaces^ the intrados and extrados, which are sometimes 
termed the soffit, and the back ofthe arch. 

As regards the intrados and extrados^ arches are very various. 
Cylindrical surfaces are most usual, but conical surfaces occur^ 
and we have domes^ and variously proportioned groinings. We 
shall treat of cylindrical arches only, and limit ourselves still 
further, to the consideration of those having a horizontal axis. 
Such arches are bounded by two vertical parallel planes, ikefaces 
of the arch, (Fr. parements, Ger. Stirnflächen). According as the 
faces are perpencÜcular or inclined to the geometrical axis of the 
arch, the arch is direct, or oblique, or skewed, (Fr. droites 
or biaises) ; groined arches or vaults, (Fr. voütes- ffarite, Ger. 
Kreuz, or Klostergewölbe), are merely intersecting cylindrical 
arches. Domes or cupolas, (Fr. voütes en dorne, Ger. Kuppel or 
Kesselgewölbe), are arches generated by the revolution of a curve 
about a vertical axis. 

As regards the curvature of arches, it is very various. The sec- 
tion is sometimes circular, sometimes elliptical, catenarian, or 
formed of several circular arcs, and plate bands, or straight arches 
are sometimes built. 

Remark. As experience has abundantly, proved that arches fall or give way, by a 
rotation of determinate parts round the edges where certain joints meet the extrados 
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or intradoe, and not by sliding dislocmtion, we need here only consider the conditious 
of equilibrium in referenoe to the former circumstance, omitting our tuthor's inves- 
tigation of the latter, which show, as is usually done in elementary treatisea of mecba- 
nies, that for the case of equilibrium without friction, the the weight ofithe ttreh- 
fiouet rnngt be to each other, a» the d^erencet qf the eotamffente qf the anglet qf 
mdmatum qf thejomte to the horison. — Tk. 

Remark. The dialocation of an arch by alipping of Touaioin might occur in two 
ways : acoording as the Joint of maximum pressure lies above or bdow the Joint of 
minitnmn pressure. In the former case, Fig. 11, the hauches of the arch sHde out, 



P16. II. 



Pia. 12. 








and the crown slips down. In the other case, the reverse happens, Fig. 12. This 
second case scarcely ever occurs, so that we shaU not farther recur to it. 

§ 15. Line of pressure and resistance. — An arch is so much 
more likely to fall in by rotation round the outer or inner 
edge of a Joint, than by slipping, that the former may be consi- 
dered as the usual aecident. The stability of an arch in reference 
to rotation may be considered exactiy in the same manner as the 
„o 13 stability of a pier or wall (vol. ii. 

§ 16). From the horizontal 

force Pi applied at any point O, 
Fig. 18, in the crown of the 
arch and the weight of the first 
arch-stone acting in its centre 
of gravity S^, there results the 
force Pj acting on the first Joint, 
and the intersection O^ of the 
direction of this force with the 
joints E^ Fl. Again, from the 
pressure P^ and the weight Gg 
of the second arch-stone, acting 
in its centre of gravity S^ there results the pressure P^ in the 
second Joint, and the intersection Og of the direction of this force 
with the second Joint. Proceeding in this manner, we obtain the 
remaining normal pressures, and the intersections O3, O4, &c., 

2* 
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in the other joints. But the lines O^ O^, 0^0^,,., which unite 
the intersections or points of application of the pressures P^, P^ 
Ps..tf is the üne of resistance, (Fr. üffne de Pression, Ger. 
Widerstandsünie), (vol. i. § 6). So long as at least one line of 
resistance can be found in the face of an arch^ which neither 
passes beyond the intrados nor the extrados at any point, so long 
dislocation of the arch by rotation cannot occur. If^ on the other 
hand, the line of resistance intersects the intrados^ the arch will 
fall inwards^ and if it goes beyond the extrados^ the arch will rise 
upwards^ and so fall to pieces. Fig. 14^ represents the former 
case^ and Fig. 15^ the latter, The dislocation becomes inevitable^ 



Pia. 14. 



Fio. 15. 





rio. 16. 



however, from the circumstance that the incompressibihty of the 
stones opposesy^sistance to the forces R R, acting with Üie lever- 
ages EO, FO, The cohesion of the mortar alone resists this 
force ', but as a very slight concussion is sufficient to destroy this 
cohesion^ its effects should not be relied upon as available. 

It is easy to perceive that arches are so mach the more stable (in 
reference to rotation) the greater the number of lines of resistance 
that can be drawn within them ; the less, therefore^ the number of 
lines of resistance that intersect the intra- 
dos or extrados. The arch of greatest stabi* 
lity, Fig. 16^ is necessarily that in which a 
line of resistance may be drawn^ which 
passes through the centre of all the arch- 
stones, or bisects thebr depth. 

For the usual oonstruction of arches^ 
that is, for circular arches, a rotation or 
rising upwards, that is, an intersection of all lines of resistance 
¥rith the extrados cannot possibly occur ; we may, therefore, 
limit ourselves in the inyestigation of stability to the rotation from 
which the arch falls inwards. That we may be certain that at 
least, one line of resistance paasea beyond neither intrados nor 
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eztrados; we may atart to draw it from the point D in the crown, 

and try whether it intersects the intrados. 

§ 16. EquUibrhm in re/erence to rotation. — The conditions of 

stabiüty in referenoe to rotation may be considered in another 

point of view, and one more adapted for calculation. We may 
FIG. 17. eliminate the forces Pj, -P^, -P3 . . . , 

acting in the crown D, Fig. 17, which 
are necessary to hinder a rotation of 
the arch-stones round the inner edges 
E^^ E^ E^ &C.J and then investi- 
gate which is the greatest of theae 
forces. If we designate the leverages 
E^L^, E^L^ £3 X/3, . . . of the force 
P referred to the points JEp E^ E^ 
See, aa axis of rotation by a^, a^ a^, 
8cc., and the lererages E^Hi, E^^ 

E^H^ &c., of the weights Gj, G^ + G^, G^ + G^-k- G^ &c., 

in reference to these same axis by b^, b^ b^ kc,, we have for 

the force P acting at the crown : 

^1=^ Gv P,=^ (Gi + G»), ^3 = ^ (G, + G,+ G3), &c. 

»1 »9 »3 

But not only the factors bn, and Gi+ G2+ . . . + G» of the nume« 
rator increase from the crown towards abntments, but the denomi- 
Ck,. nator Ht increases also ; hence one of the values of P^, P^ P^ kc., 
is a maximum ; and it is necessary for equilibriumi that the effective 
force Pn, acting in the crown^ should be equal to it. That Joint 
which corresponds to the maximum pressure, or the pressure on 
the crown, is termed the Joint of ruptwre {¥t. Joint de rupture, 
Ger. Bruchfitge), because dislocation by rotation first begins round 
its lower edge, if the force P« &t the crown diminishes. It is 
determined by the angle of ruptwre, which its plane makes with 
the horizon (or with the vertical). It is also easy to perceive, that 
the angle of rupture gives that point in the arches, in which the 
line of resistance, starting in D in the crown of the arch, touches 
the intrados. 

If we compare the maximum effort required to hinder rotation 
inwards with the maximum effort required to resist slipping, we 
find that in most cases the force required to resist rotation is greater 
than that to resist süpping, and, therefore, the prenure in the 
crown ofan arch i$ egual to the greatest ofall theforce$ Py P^ P3, 
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FIG. 18. 



^c, which oppose the rotation of the parts ofthe arch Gp G^-f G^ 
Gi-h Gj-f G3, ^c, round the inner edgea. If, therefore, we have 
once determined this pressure at the crown of the arch^ it is easy 
to find the pressure in any other part of the arch. 

Arches falling by rotation outwards 
are exceptional cases. To discriminate 
by calculation as to the possibility of 
such an accident occurring, the point of 
application of the force P is taken at 
the lower edge A, Fig. 18, of the 
Joint of the key stone, because the 
leverage, in reference to rotation 
about Fp Fjp F3, &c., is here the least. 
If now we again designate the leverages: 

^1 A. P%i^ ^3 J^3> &c-> by «i> <h^ Ö3> 

&c., and the leverages F^H^y ^2^2» 
Fgfij, &c., ofthe weights Gp G^ + G^, G^ -f G^+ G^ &c., we 
have the values of P : 

P.=|g,P, = ^(G,4G,), P, = |{G, + G,+ G3), 

and if the least of these values be greater than the pressure in the 
crown, or the greatest ofthe forces which prevent a falling inwards, 
the arch is stable ; unless this be the case, dislocation tskes place. 

Remark. The falling to pieccs of an arch by rotation may likewise hi^pen in two 
ways : according as the Joint of nipture of the muTitniin^ value is above or below 
the Joint of rupture of the minimum Taluc. Fig. 19 represents the fint, and 
Fig. 20 the second case. 
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§ 17. Stabüity of abutmenta.—U we have satisfied ourselves by 
the calculations indicated in the foregoing paragraphs, that an arch 
is stable, and have also determined the pressure in the key-stone, 
we have still to investigate the stabihty of the abutment walle ; 
that is, to determine the thickness of abutment wall necessary to 
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resist a detrusion or an overtum. This investigation is the more 
important^ as it is not unfrequently in conaequence of insuffident 
resistance of these^ that arches^ in themselves stable^ fall in. 

It is evident that a retaining wall 
FB, Fig. 21, is stable when the direc- 
tionofthe resultant force KJt^^R^ 
of the weight of the one semi-arch 
acting at its centre of grayity S, 
the horizontal thrust P acting at the 
crown, and S^, the weight of the re- 
taining wall, passing through its centre 
of gravity, passes through the base 
FO of the retaining or abutmeni wall, 
and deviates from the vertical K^N by 
an angle less than the angle of re- 
pose p. 

For the angle ^, which the resul- 
tant Ri of the forces ^=KPj^ and G+ G^^K^G^, makes ¥rith the 

p 

vertical, we have tang. f = ^ ; but lang. p= the co-efficient 

of friction f, and hence to insure stability in reference to sliding. 




we should have 



ij 



</ 



G+Gi 

In Order, further, that the resultant may pass through the 
outer edge F of the abutment, let us put the moment of P, referred 
to this edge, equal to the sum of the moments of the weights G 
and 6p If a be the rise of the arch BL, and h the height of the 
abutment, then the moment of the force P referred to the edge 
^ as an axis = P (a+ A) ; if again, b be the horizontal distance 
BH of the vertical passing through the centre of gravity of the 
semi-arch AC from the inner edge B of the springing point, c 
the thickness of the abutment wall, and e the distance FN of the 
vertical gravity-line of the abutment wall from the edge F, we 
have the moment of the weights G and Gj = G (Ä-f c) -f Gj«, and 
thus we get the equation : P (ö-f Ä) = G{b-hc) + G^e. 

In Order to insure permanence, experience dictates, according 
to Audoy's deductions, the employment of 1,9 P in3tead of P, so 
that the equation for determining the thickness of the abutment 
becomes: 1,9 P (a + Ä) = G (Ä + c) -f G^e. If h^ bc the mean 
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height of the abutment or pier^ and y the density of ita masonry, 
we have for each foot in length of the pier the weight G^^h^cy^ 
and if we put e = ^ c, the moment G^e •=. \h^^ y^ and hence : 

i Äj Cy + G c = 1,9 P (a + A)— G A, or, 

„ 2Gc_ l,9P(a-hA) — GA 
^ Äiy- \h,y 

and hence the thickness of the abutment in question : 



In Order to secure this wall against sliding, we mnst have : 
Gl > -7- — G, i. e. c > -775^^ — . 

It will usually be found that the former value of c is greater 
than the latter ; and that, therefore, the thickness of the abut- 
ment must be regulated by the former condition of stability. 

For very high piers, as G c, 1,9 P a and G ö, are very smaU 
compared with 1,9 Pä and 4 Äi c* y, (which may be put i A c* y), 
we have : i A c* y = 1,9 P A, i. e. i c* y = 1,9 P, and hence the 

greatest strength : c = /?iL?. 

§ 18. Loaded arches. — We have hitherto neglected to consider 
the influence of the backing on the arch, which, however, it is 
essential to examine. That the stability of an arch, such as a 
bridge, may not be altered by the paasage of heavy weights upon 
it, it is necessary that the arch should in itself possess such 
weight, or be permanently loaded with backing, that any weight 
arising £rom traffic, such as heavy Waggons, locomotives and the 
like, can only occasion a slight change in the entire load, or forces 
in action. 

The backing consists usually of a System of walling {spandril 
waUs)y supporting the road-way, and carried up either to form a 
horizontal line £P, Fig. 22, or an inclined line, Fig. 28. In 
very many cases, the spandril walls or backing of arches consist of 
the same materials as the arches, and if it be uniformly built, we 
may assume a common density for the whole, and thus consider- 
ably abbreviate calculation. If, according to vol. i. § 58, we 
take the specific gravity of masonry at from 1,6 to 2,4, we have 
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for the density of the masonry 100 to 150 Ibs. per cubic foot^ the 
former answering to brick-work, the latter to ashlaring. The 



Fio. 22. 



Fio. 23. 





loading of arches generally increases their thrust^ and also their 
stability. That the voussoirs may resist croshing, they must have 
a certain depth proportioned to the pressure of the arch^ and as 
this increases firom the crown towards the springing, the depth of 
the voussoirs should likewise increase firom the crown to the 
springing. Perronet has given as a rule for the depth at the 
crown, the formula:ef=0,0694r+ 0,825 metres, or, in English 
measure rf=0,0694r + l foot, in which formula r is the greatest 
radius of curvature of the intrados. 

For arches whose radius is above 48 feet, or 15 metres, this 
formula gives greater dimensions than is given in ordinary prac- 
tice. The depth of voussoirs must be regulated by the strength 
of the materials, and the position of the line of resistance in the 
arch. The joints being kept very thin, so that the mortar serves 
rather to distribute the pressure uniformly over the bed of the 
stone, it will be found that a thickness which reduces the strain 
to 225 Ibs. per square inch of surface, allows of ample security for 
the average of materials. One half this thickness must, however, 
exist on each ride of the line of resistance. 

Semark 1. 225 Ibs. per Square inch is only ^ of the absolute strength of sound 
sandstone and limestone. In the celebrated bridge at Neuilly, near Paris, built 
in 1768 to 1780, by Perronet, the estimated pressure per Square inch is 280 Ibs. 

Remark 2. When, as in the sequel we always do, we take the thrust or pressure 
at the top of the crown of the arch, and in like manner, only consider a rotation 
round the lowest point of the angle of rupture, it is the more neoessary to assome 
this high degree of security, and to give the arch corresponding depth of voussoirs, 
as in these assumptions we only get the least value of the pressure. Besides, it is 
chiefly the npper edges of the voussoirs at the crown of the arch, and the lower 
edges of those at the joints of rupture that have to withstand the pressure, and 
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therefore, soonest give way ; the depth we have indicated on each aide the line of ' 
pressure is, therefore, n e o ci e a ry to insure stability. 

§ 19. Test ofthe equUibration of archea. — ^The investigation of 
an arch's stability may be gone through as follovirs : let AB CD, 
Fig. 24, be the one half of the arch to be examined^ and CDHK 

FIG. 24. 




the spandril wall, which for simplicity's sake we shall assume to 
be of the same density as the arch. First, divide the arch in any 
convenient number, in this case six, equal or unequal parts, by 
lines E^F^, E^P^, EJP^ &c., in the direction of the joints, and 
determine, not only the area and the centres of gravity 7\, T^ 
Tj . . . of these parts, bat also the areas and centres of gravity 
^1^ 'S'j, Sg . . . of the superincumbent parts F^H, F^JL^, ^3^2 • • • 
This done, take the statical moment of the first part AF^ and FiH 
referred to the first point of division Bj, and divide their sum by 
the vertical distance of this point of division from the horizontal 
DN drawn through the crown. In like manner take the moments 
of AF^, E-yF^, F^H and F^L^, referred to the second point of divi- 
sion E^ and divide the sum of these moments by the vertical 
distance of this second point from the horizontal DN. Again, 
determine the moments of the parts of the arch AF^, E^F^ E^F^ 
and the parts of the spandril Fj-ff, F^L^, F^L^, referred to the 
edge JS3, and divide that sum by the vertical distance of the point 
JSg, from the horizontal DN, &c. By going through this process 
for all the parts, from A to B, we arrive at the forces that must be 
applied at D to prevent rotation round the points E^, E^, E.^ See, 
and the greatest of these forces is that which has to be taken as 
acting at the crown. 
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Having done this^ multiply the sum of the areas AF^ + F^H 
by the tang. (oj — p), and again AF^ + E^F^ -h F^H -f F^ by 
tang. {a^ — p), &c., (where ap o, . . . are the several angles of 
inclixiation of the joints with die horizon)^ and find the greatest 
value of these producta. If the greatest of these values be le$s,^ 
than that necessary to prevent rotation loiuid E^, E^ JE,.«., , 
thcre need be no fnrther eonaidaration of these forces ; but if it bei / 
ffreaier^ then must this value be introduced as the pressure in 
tbe crown^ and not that first found. 

Lastly, it has to be determined whether the horizontal force so^^ 
found is not sufficient to dislocate the arch by pu$Mng or iuming 
out a part of it. 

With the horizontal thrust^ determined as above, we can 
examine, as shewn in § 1$, the conditions of stabüity of the 
abutment. / 

Exanqtk. The relatiye stabüity of the arch in Fig. 24, may be calculated as 
foUows : area of the part AF^ » 6,89 Square fect ; area of the pieoe F^H aboTe d 
» 8,48 Square feet, the lerer of the former referred to ^ « 2,50, and of the latter 
» 2,45 ; t. e, the moment of both » 6,89 . 2,5 + 8,48 . 2,45 « 38,001. The 
distance of B^ firom DN^ or leverage of horizontal foroe in /> « 1,50 ; and, there- 

X) = fore, the first Talue of this force » ^-^ « 25,33 . y Ibs. Area of seoond part B^ F, 

» 7,15, and the part of spandril aboye \i F^L^^ 11,02 Square feet ; the moment of 

iNith referred to ^^ 17,52 + 23,69 »41,21, adding to this the moment of ALy » 38 

+ 15,37 . 5,10 » 38 + 78,39 « 116,39, and hence the moment of the whole 

piece AL^ » 157,60 ; the distance of E^ firom DN » 2,35, and hence the seoond 

157 60 V =^ '^' 

TBlue of the horizontal foroe in Z> » ' * ^ » 67,05 . y Ibs. Again, the area 

^,35 

of the third piece E^F^^ 7,68, and of the part of spandril above it /^ I, » 16,51 
Square feet; the moment of both — 46,61, adding to this the moment of the 
piece E^^ 157»60 + 166,02 » 323,62 ; we find the moment of the whole «370,23 ; 
and as the distance of the point B^ firom HN » 3,90, the value of the force in D 

370 23 . y 
^ — J QA "= 94,93 . y Ibs. Proceeding in this manner, a value of the foroe that 
3,9U 

701 92 V 
has to counteract the tendency to rotation round E^ » t — tit-^ "" 118,97 . y Ibs. ; 

5,9 

and a fifüi force in reference to rotation round E^ » — *' ^ =« 137,68 . y Ibs. ; 

and lastly, in referenoe to rotation round B, a force = \\ej '^ ~ 157,74 . y Ibs. 

As this is the greatest value found, we put the pressure or thrust at the crown, 
P « 151,74 . 7, or, taking the weight of masonry as 150 Ibs. per cubic foot, 
P» 22761 Ibs. The depth of arch at crown is 1,3 feet ; and, therefore, the area for 
each foot of length of the arch » 144 . 1,3 » 187,2 Square inches; and hence the 
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22761 
187,2 



»122 Ibs., Buppo«ing the line of resistance io 



pressure on each square inch 

bisect the ToussoirB. 
If, with M. Peütf we take the tngle of repose » 300^ ^e obtain fbr the foroe to 

prevent dislocatioD of the arch by sUding, the following yalues. The joints £^ /*,, 

1^ F,, i^ F, . . . are inclined to the horizon at the angles 83» 40^ 77<> 20^ 64« 20', 

58*» 20', 52«, respectively, therefore, 

P, » (6,89 + 8,48)r ^oi^. (83» 40'— 30«) . y« 15,37 . tang. 53» 40' . y=20,9 . y Ibs. ; 

P,-(15,37 + 18,17)/aii^.(77«20'— 300). y-33,54 . tang, 47« 20'. 7=36,4 . ylbs.; 

Pa«57,73 . tang. 41«.y=50,l . y Ibs. 

P4» 90,56 tang, 34» 40' y»62,6 . y Ibs. 

P,« 134,13 tang, 28» 20' . y-72,3 . y Ibs. 

Pe-188,53 tang, 22« 7»76,2 . y Ibs. n^CASSt^ v*j tlf 

and, therefore, the greatest horizontal pressure xoonteractng- sliding « 76,2 . y Ibs. 
^^^ - j As, however, this pressure, m il n InniJnnnj ts i fiiii i t rotation round an inner Joint, 
*-< A t amounts to 151,7 . y, it is evident that a sliding cannot take place. And in like 

manner it is easy to convince ourselves that ndther rotation nor sliding outwards is 

possible. As to the stability of the abutment OUK^ the moment of the force P 

referred to O as an axis of rotation » 151,74 . y . ÖF » 151,74 . 18 . 7=^2731 . y 

Ibs. ; the moment of the loaded arch ABKH, is : 

1760,2 . y + 188,53 .W,y^ (1760,2 + 188,53 . 6,8) y » 3042 . 7, Ibs., 

and that of the pier « 343 . 7 Ibs. ; hence the moment resisting rotation round 
O » (3042 + 343) . 7 « 3385 . 7 Ibs., and therefore htetmg cannot possibly take 
place. If, however, more ample security be desired, we must Substitute for P, 
1,9 P, as above explained, and, therefore, take the moment of the force to produce 
heeling « 5189 . 7, and thus we see that our abutment would be too thin ; instead 
of 5,45 feet thickness, it would require from 11 to 12 fset. For a thickness of 
11 fieet, the moment of stability » 1760,2 . 7 + 188,53 . 11 7+ 1281 . 7»5115 . 7, 
which would prove a n^JMent stability. 

§ 20. Tablesfor arches. — In order to facilitate inyestigations on 
rio. 25. the stability of arches of the more usual 

forms^ M. Petit calculated a series of tables 
of which we shall here give a short abstract. 
The first of these tables refers to semi-circu- 
lar vaults, as in Fig. 25, the second refers 
to semi-circnlar arches with spandril walls 
at an angle of 45^ as shewn by the dotted 
line in Fig. 23. The third table refers 
to semi-eircular arches with horizontal span- 

drils, as shewn by the dotted line in Fig. 22^ and the fourth table 

refers to segmental arched vaults. 

In the first three tables, the two first yertical oolomns contain 

the proportions of the arches ; the third oolunm contains the angle 

ofrupture; the fourth and fifth co-efficients oi horizontal tJirust, 
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in terms of the radius or half span^ and the weight of the mate- 
rials (see ezample 1 following) ; and in the sixth^ the oo-efficient of 
the maxirnnm thickness of abntment in terms of the half span. 
To apply these tables, we have to look in column 1^ for the ratio 

i = -^ of the radius of the extrados to that of the intrados, and 

pass along borizontally to the foorth and fifth colnmns, and the 
greater of the nmnbers foiind in these two columns^ is to be taken 
as a co-efficient by whieh to moltiply the Square of r^ the radius 
of intrados^ and the weight per cubic foot y of the masomy, 
the product of whieh gives the horizontal thrust in question. The 
airth column gives the thickness of abutment^ supposing the 
height infinitej by multiplying the co-efficients there found by the 
radius r^. For low abutments, the thickness is less^ and should 
be calculated according to § 17. 

The fourth table contains in its first column the ratio ür = -^. 

and in the other columns the thrust of the arch for various pro- 
portions of the span % to the versed sine or height A. This latter 
table is only applicable when the angle of rupture, given in the first 
table, is Usn than the half of the central angle a, and of the arc of 
the vault« 
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TABLE I. 



SEMICIRCULAR ARCB 


WITH PARALLEL VAÜLTED SURPACES. 


Ratio ofthe 








Co-efficientji ofthe 


Co-efficient for 


nidii. 


of intrados to 
dcpth of Tous- 


Ang] 


eof 


,, thru8t of arch. 


greatest thick- 


it- *"« 


nipluAV. 


—K 1—~- 


/ 


UC88 QX •OUV- 


r, 


8oir. 






for rotation. 


forsUding. 


ments. 


2,732 


1,154 


(f 


00' 


0,00000 


0,98923 




2,70 


1,176 


13 


42 


0,00211 


0,96262 




2,50 


1,333 


35 


52 


0,02283 


0,80346 




2,20 


1,666 


51 


4 


0,08648 


0,58767 




2,00 


2,000 


57 


17 


0,13017 


0,45912 


1,3223 


1,80 


2,500 


61 


24 


0,16373 


0,34281 


1,1414 


1,60 


3,333 


63 


49 


0,17517 


0,23874 


0,9525 


1,55 


3,636 


64 


3 


0,17478 


0,21464 


0,9031 


1,50 


4,000 


64 


9 


0,17254 


0,19130 


0,8527 


1,45 


4,444 


64 


5 


0,16798 


0,16872 


0,8007 


1,40 


5,000 


63 


48 


0,16167 


0,14691 


0,7838 


1,35 


5,714 


63 


19 


0,15287 


0,12587 


0,7622 


1,30 


6,666 


62 


14 


0,14330 


0,10559 


0,7370 


1,25 


8,000 


61 


15 


0,12847 


0,08608 


0,6987 


1,20 


10,000 


59 


41 


0,11140 


0,06733 


0,6504 


1,15 


13,333 


57 


1 


0,09176 


0,04935 


0,5905 


1,10 


20,000 


53 


15 


0,06754 


0,03213 


0,5066 


1,05 


40,000 


46 


22 


0,03813 


0,01568 




1,02 


100,000 


38 


12 


0,01691 


0,00618 




1,00 


00 





00 


0,00000 


0,00000 





TABLE IL 

SEMICIRCULAR ARCHES^ MA80NRY AT THE BACR^ OP 
4^^ INCLINATION. 



Ratio of the 




i 


Co^fficientji ofthe 


Co-efficient for 


radiL 


of intrados to 


Angle 


^ thrust of arch. 


greatest thick- 




depth of V0U8- 


' of nipture. 


/ -^t7"< 


ness of abut. 


*= h.. 






n 


80ir. 




for rotation. 


for sliding. 


ments. 


2,00 


2,000 


60« 


0,26424 


0,74361 


1,7264 


1,80 


2,500 


60 


0,29907 


0,57383 


1,5147 


1,60 


3,333 


60 


0,31245 


0,42191 


1,2990 


1,55 


3,636 


61 


0,31222 


0,38673 


1,2437 


1,50 


4,000 


61 


0,30996 


0,35266 


1,1877 


1,45 


4,444 


60 


0,30587 


0,31971 


1,1308 


1,40 


5,000 


59 


0,30001 


0,28787 


1,0954 


1,35 


5,714 


58 


0,29285 




1,0823 


1,30 


6,666 


57 


0,28231 


0,22756 


1,0626 


1,25 


8,000 


54 


0,27102 




1,0412 


1,20 


10,000 


50 


0,25806 


0,17171 


1,0160 


1,15 


13,333 


47 


0,24477 




0,9894 


1,10 


20,000 


42 


0,23292 


0,12032 


0,9652 


1,05 


40,000 


36 


0,22902 




0,9571 
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TABLE III. 
SEMICIRCULAR ARCHES^ WITH HORIZONTAL MASONRY ABOVE. 



Ratio of the 


Ratio of ndiuB 




Co-efficieRt;>of the 


Co-effident for 


radii 


of intrado« to 
depih of Yous- 


Angle 


thrust of ■roh. 


greatest thick- 
ness of abut. 


*= ü. 


Mrupture. 


1 


n 


aoir. 




forrotation.|forsUdiog. 


ments. 


2,00 


2,000 


36" 


0,05486 


0,50358 


1,3834 


U80 


2,500 


44 


0,08508 


0,37901 


1,2001 


1,60 


3,333 


52 


0,12300 


0,26755 


1,0082 


1,55 


3,636 


64 


0,13027 


0,24173 


0,9584 


1,50 


4,000 


56 


0,13648 


0,21673 


0,9075 


1,45 


4,444 


57 


0,14122 


0,19256 


0,8554 


1,40 


5,000 


59 


0,14421 


0,16920 


0,8018 


1,35 


5,714 


60 


0,14504 


0,14666 


0,7465 


1,30 


6,666 


61 


0,14332 


0,12495 


0,7379 


1,25 


8,000 


62 


0,13872 


0,10405 


0,7260 


1,20 


10,000 


63 


0,13073 


0,08397 


0,7048 


1,15 


13,333 


64 


0,11895 


0,06471 


0,6723 


1,10 


20,000 


65 


0,10279 


0,04627 


0,6249 


1,05 


40,000 


69 


0,081755 


0,02865 


0,5573 


1,00 


OD 


75 


0,055472 


0,01185 





TABLE IV. 
VAULTED ARCHES^ WITH PARALLEL ARCHED SURFACES. 



Ratio of 




theradü 


Co-effident p of the thnut of the arch. 


'-?: 


« « 4A 


« » 5A 


« ^ 6A 


» = 7Ä 


«» 8A 


«==10A 


«»16A 


1,40 


0,15445 


0,14691 


0,14691 


0,14691 


0,14691 0,14478 




1,35 


0,14771 


0,13030 0,12587 0,12587 


0,12587 0,12405 




1,30 


0,13764 


0,12331,0,10682 0,10559 
0,11402 0,10009 ;0,08668 


0,10559 0,10406 




1,25 


0,12547 


0,08608 0,08483 0,07180 


1.20 


0,11023 


0,10196 0,09 102; 0,07999 


0,06981,0,0663610,05616 


1,15 


0,09123 


0,08634 0,07866 0,07050 


0,06259 0,04904 


0,04116 


1,10 


0,06737 


0,06563^0,06158 0,05666 


0,05160 0,02414 


0,02681 


1,05 


0,03776 


0,0380410,0370910,03550 


0,03357 0,02944 


0,01882 


1,01 


0,00834 


0,00871 


0,00886 


0,00889 


0,00885 


0,00862 


0,00747 
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The following table contains a Synopsis of the relative dimen- 
sions of segmental arclies. 









Ratio of nulina of 


Ratio oftheBptn 


Half central 




intradoB r, to 


toheight 


angle«. 


«m. o. 


height A 


4 


53** 7' 30" 


0,8000 


2,500 


5 


43 36 10 


0,6897 


3,625 


6 


36 52 10 


0,6000 


5,000 


7 


31 53 26 


0,5283 


6,625 


8 


28 4 20 


0,4706 


8,500 


10 


22 37 10 


0,3846 


13,000 


16 


14 15 


0,2462 


32,500 



Exan^le 1. A Bemi-drcnlar arch with horizontal road-way over it, having radius 
of intradoB rj » 10 feet. What shoiüd be the dimennons ? What will be the thrnst ? 
Aooording to Perronet'8 formula, d «^ 0,0694 . 10 + 1 « 1,694 feet, for which 

take 1,7 feet. We have now r, -» 11,7 and i( -» Jl » 1,17. From Table 3, the 

angle of ruptore is 63f », the co-effident of horizontal thnut -» 0,1190 + f . 0,0118 
«0,1237 (0,0118 beingthe diffeience between .119, and the niunber next above it). 
Taldng 150 Ibs. per cubic foot as weight of masonry, the thrust at crown « 0,1237 . 
150 . 10* B 1855 Ibs. For the extreme thickneu of abutment, we have from the 
same table the co-efficient 0,6723 + f . 0,03 » 0,6855, and therefore the thidmess 
s 0,6855 • 10 B 6,85 feet. For low abutments, the formnla of § 17, gives 
smaller dimenaiona. 
Exan^U 2. What dimensions and foroea oorrespond to a vaalt of 10 feet span, 

and 2 feet rise ? Here we have — » -^ therefore the half central angle a « 43<* 

36' 10", and nii. a » 0,6897, and the radius r ^ 3,625 . 2 « 7,25 feet. Table 4 
gives the co-effident of horizontal thrust, (as « -^ 5 A, and acconüng to Per- 
roneVs formula : d «» 1,5, so that k « 1,2) =^ 0,10196, and henoe the thrust 
- 0,102 . 150 . 7.25« « 804 Ibs. 

Remark 1. That the parfc of the abutment on which the arch rests may not be 
thrust away, it is necessary that the horizontal thrust P » pr^ y should be /et» than 
Y hf^ irf — '*i^ y ^^ friction on the bed. If this be not the case, as, for example, 
in very flat arches, thii sliding out of the Upper part of the abutment must be 
preyented by artifices, such as iron tie rods. The co-effident of friction / » 0,76, 
therefore, h f — 0,38, and, therefore, the strength of the ties must be such as to 
resist a force — p — 0,38 a (A^ — 1) rf y. This is the State of the case when 
« B 4 A and k is less than 1,06 ; when « » 5 A to 10 A, and k less than 1,15, and 
when « » 16 A, this sliding is sure to take place. 

Remark 2. The literature on the subject of arches is very extensive ; but the 
theories treated therein are not always adnüssible, because the assumptions aie 
inconsistent with experience. We shaU here only mention the anthors whose 
theories and investigations are generally accepted as the best approximations. We 
refer, therefore, to Coulomb, " Th^rie des machines simples," who first gave 
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a rational theory of the auch, and such as is in tubatance given in the foregoing para. 
gnpha. This theory is given with greater oompleteness by Navier, " R^um^ des 
Lefons snr TappUcation de U m^caniqne/' t. x. There are papers by Audoy, Garidel, 
Poncelet and Petit in the ** M&norial de roffider du genie." The suhstanoe of 
the papers of Garidel and Petit, and their tables, are given by Mr. Hann in his 
Treatise on Bridges, publlshed by Weale, 1839. Moeeley's paper on the " Theory 
of the Arch" is perhaps the most elegant expoaition of this interesting and important 
snbject. The works of Robison, Whewell, Eytelwein, Gerstner, and others, contain 
particnlar ezpositions of Coulomb's theory. Hagen has published an interesting 
essay, entitled " aber Form und Starke gewölbter Bogen/' Berlin, 1844), 



CHAPTER III. 



THEORY OT FRAMINOS OF WOOD AND IRON. 

§ 21. Wooden struciures. — Structores of wood and of iron differ 
essentially from those in stone, in that theee materials are sab- 
jected to what have been termed tensile and transverse, as well as 
compressive strains, to which latter alone masonry is exposed. 
Henee^ in carpentry and iron-work^ the pieces of which the fram- 
ings are composed, are not only laid one upon the other^ but are 
marticedj tenaned, fished, bolted, strappedy &c., to unite them 
together. The prineipal axis of the pieces of any framing may be 
horizontal, inclined, or vertical. In the first case, they are termed 
beams or joists ; in the second, r öfters, braces, or spears, &c.; 
in the other, posts, pUlars, uprights, &c. Aecording to the func- 
tion they fulfil, some pieces are termed siruis or spears, (viz. 
thoae resisting compression), and others, iies or braces, (t. e. those 
resisting tension). 

To investigate the stabüity or equilibrium of a framing^ it is 
essential, in the first place, to know the forces and weights which 
the framing has to eounteract. From these we determine, not 
only the forces which individual pieces have to withstand, but the 
forces acting at the points of connection, and the strains or pressures 
upon the points of support. Each part should have such form, 
Position and dimensions, as to completely withstand every force 
acting on it. 

As to the connection of the pieces of a framing with each other, 
we have principally to distinguish bolts B,nipins, tenons and mor- 
iices, scarfs and Shoulders. Bolts and pins counteract, or take 
up all forces passing through their axes. Tenons and mortices 
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Fio. 26. 



counteract only forces acting in certain directions^ and Shoulders 

or scarfs counteract such forces as are directed at right angles to 

the plane of the Shoulder. 

§ 21*. A beam AB, Fig. 26, lying on 
inclined planes, is in an instable oondition, - 
unless friction or some artificial fastening 
as boU3 or moriices retain it. To establish 
equilibrium, it is a necessary condition 
that the vertical SO passing through 
the centre of gravity of the beam, should 
pass through the point C, in which the 
normals to the ends A and B of the 
planes intersect each other, for only then 

are the two components N and P, into which the weight G of the 

beam may be decomposed, taken up or counteracted by the planes. 

If a and ß be the angle AOK and BOL of the planes to the hori- 

zon, these forces are : 




N= 



G sin. ß 



andP = 



6 sin, a 



' {sin. a+ßY sin. (a-i-ß)' 

If, again /, be the length AB of the beam, s the distance AS of 
its centre of gravity CS from the end -4, and 3 the angle of incli- 
nation BAM of the beam to the horizon, then the horizontal pro- 
tection of AS = « is AM = s COS. ^, or = AC sin. a, but as, 
A B sin. ABC ^ l sin. (90Q— /8+^) ^ / cos. iß — S) 
sin. ACB sin. {a+ß) sin. {a-^ß) ' 



AC= 



we have AM = \^ . ,o\ — > ^^^> therefore, we have the 

equation of condition : 

s An. (a + ß) COS. S= l sin. a cos. (ß — ^). 
K one of the planes be horizontal as ^40 in Fig. 27, then as 
a=0, we have s sin. ß cos. J=0, f. e. /8=0, or the other plane 

FIO. 27. FIO. 28. 
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must likewise be horisontal. In order to prevent slipping of the 
beam in every other position^ we must, Fig. 28, mortice the 
one end of the beam A, or fasten it in some way. The pres- 
sTure whieh the end of the beam there exerta on the inclined plane 
OB may be dedueed from the theory of the bent lerer MAC, 
whose arm AM = AS co9. SAM = $ cos. ^, and AC = AB eo$. 
BAC= l COS. iß — 5), and hence P the preasnre required 

^ G s COS. ^ 

"" / COS. iß—^) ' / * ' 

As the pressure on the point of support A is equal^^to the 
- too a n of all the forces acting on AB, we may assume that the 
vertical pressore Gi=:G, and its counter pressure P^=:P, acts at 
this point. If, therefore, we decompose this latter into the hori- 
zontal force i/j = Pi sin. ß, and the vertical force Vi = Pi cos. ß, 
we obtain for the total pressure in A the horizontal component 

or tnrust H^ = — ^ j Z. ^ , and the vertical component, or 

vertical pressure : 

S cos. ß COS. 



V=G-V,^0{^-'-^^y 



firom which we can easily calculate the magnitude and direction 
of the total pressure or strain. 

For the case of a beam leaning on a wall, Fig. 29, /8=9(y*, 
hence: 



jEr= 



G s COS. S ^s 

r = ^j 



Isin, 
the weight of the beam. 



cotff. ^ = P, and r=G= 



pio. 29. 
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For the case of a beam leaning on a wall inclined at the same 
angles as the beam as in Fig. 30 at B, /8=^, hence : 

P =: G Y ^^«- ^9 

/f= G-i-«n. a CO«, a, and V=g(i—-^cos.A. 

3* 
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THRUST Or ROOT8. 



§ 22. Thrust ofroofs. — ^The formulas found in the preceding 
paragraphs are immediately applicable to calculating the thrust of 
couples for roofs, (Yr./ermes). According to these, we have in 
the case of simple lean-to and coupled roofs as in Figs. 31 and 32, 



rio. 31. 



Fio. 32. 





for the horizontal thrust acting at the lower and upper end : 
H = -j- ^^^9' ^> 9h fts ii* ^his case 8=^1, H=\G cotg. ^ ; 

again the vertical pressure at the upper end = 0, and = G the 
weight of the couple and its load at the lower end. If we put 
the height of roof BC = h, and the span or width AC = DC = b, 

then cotff. ^ = t> and hence the thrust of the couple = \ G -z, 

and thus we see that the horizontal thrust increases directly as 
the span, and inversely as the height or pitch of the roof. The 
usual limits of h are between 2 b and \ b. The former ratio is that 
of church roofs of the Saxon and Norman period, and the la|ter 
that of the flat Italian roofs of modern houses. In the femer^ 
5 = 260 34'^ and in the lauer 63^ 26'. The thrust of the couples 
is very great in flat roofs, in the Italian roof for instance, as above 
specified^ the thrust equals the whole weight of the couple and load ; 
in the Saron roof the thrust is not above one fourth of this. The 
feet of the couple must be morticed, or otherwise fastened into the 
beam (tie-beam) to prevent sliding. The entire pressure of a rafter 
at its foot ^ is : 

and for RAH^4>y the angle made by the line of pressure with the 
horizon^ we have 
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G 

tang. ^ = ^ = 



»«I 



= -^ = 2 tang. 



FIG. 33. 






Thus we may find the direction of the total thrust at the 
foot^ by doubling the height of the couple ; or, by making CE 
=2 . CB, and drawing a line through the foot A, and through the 
point E of the line produced. 

For the roof couple^ Fig. 32, in which the rafters are of equal 

length, these exert on each 
other only a horizontal thrust ; 
but if the rafters be of un- 
qual length, as in Fig. 83, 
the force P with which one 
rafter presse» upon the other, 
deviates by a certain angle 
from the horizontal. If G be 
the weight of one rafter AB^ 
and Gl that of the other CB, 
and if l and \ be the angle of inclination of these rafters to the 
horizon, andif /8 be the angle of inclination BDC of the plane in 
which we may conceive the rafters to abut on each other, and 
against which the force P acts at right angles, we have : 

n , G COS. ^ j . G, COS. ^, , 

— G COS. h COS. 08-f^i) = Gl COS. \ cos. (ß—^), or 
G {sin, ß sin, h^ — cos, ß cos. B{) _ G^ (sin, ß sin . B-^ cos.ßcos.S) 

sin. ß cos. \ "" sin. ß cos. ^ 

dividing, we have : 

G {tang. Zy—cotg. ß) = Gj^tang. Z-^coig. ß), thus 

. ^ G tang. ^i — G, tang. Z 
eotang. ß = '^ J ^ g; • 

And from this we have the horizontal thnist of both rafters : 
G sin. ß COS. Z _ 



H z=z Psin.ß=i 



cotg. ß'\-tang. B 



COS. (ß—B) 

= i (g + gl) . 
tang. ^ + /a«^. ^j ' 

As to the vertical pressures V and Fj at the rafter feet, the one 

is eqnal to the weight G, minus the vertical component Q = P 
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COS. ß, and the other is equal to the weight G^ plus this 
component ; or, 

V^G-Hcotg. ß^G-^ {G tang. Z,-G,tang. ^) 
^ ^ lang. ^-^tang. c^ ' 

and F, = 6, + 4 (Gj^^ \- G, tang. ^ 
^ ^ ' V fang, a 4- fang, i^ ) 

ExampU. The roof ABB, (Fig. 32), is 40 feet span, and 30 feet heigfat, and oonaisU 
of couples 4 feet from centre to centre, 6x8 inch scantlings — ^requiied the thnist 
Assuming each Square foot of roofing to weigh 15 Ihs., we have för the load on 
each rafter 15 x 4 -v/20* + 30» » 60 ^/ISÖÖ « 2163 Ibs. The rafter itaelf weigfas 
i X f X 44 ^20» + 30« = V ^1300 = 529 Ihs, and» thercfore, the vertical pres- 

2692 Ibs., and the thrust » \ G^^ l . 



sure ofa rafter F»G«2163 + 529 
4* = 897 Ibs. 



.2692 
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§ 28. Compound roofs, — In many framings, as in mansard 
roofs, the rafter DE, Fig. 84, does not rest on 
a tie-beam, but on a second rafter CD, and this 
again on a third, and fourth, send so on. That 
the pressure of one beam may be completely 
transfered to the next in this case, it is neces- 
sary that they should have certain relative posi- 
tions. These positions are determined by the eon- 
ditions that any two beams abutting against each 
other should undergo equal horizontal pressnres. 
The horizontal pressure of the niter DE, is 
H = \ G cotg, ^, when G = the weight, and l 
its inclination. For the second beam or rafter 

DC: H= ^ —ii — - when G, and ^, denote weight and 

fang, dj — fang. 5' * * ^ 

inclination of this second beam. 




values, we have : 

G cotg, i = 



Hence by equating the two 



g-h Gl 



lang, i' 



1. e. 



fang, d^ 

iang. l^^taag. l -f i^J^^ fang. ^=^2 + §i) tang. B ; 

and, in like manner, for the inclination ^^ of a third beam, 
seeing that the horizontal thrust is every where the same. 



G cotg. a = 



Ql+g2 



tang, ^^ — 'ön^* ^i' 



hence 



/ 



\'fc ry -J. 
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fang, l^^iang. ^|-f '^ ^ fang, l 

and in like manner for a fourth : 

fang. ^^=tang. ^9+-^q— ^ i(^' ^i 

If each beam be of the same weight G, then 
iang. Bj = 8 fang. S, fang. ^3=6 iang. l, lang. J3 = 7 /flwy« ^> 
/oii^. ^4 = 9 /an$p. ^^ &c. 

K, therefore, in this form of roof, the height EH, Fig. 84, 
corresponding to the first beam or rafter, be Bet off upwards re- 
peatedly, and throngh the divisions 1, 8, 6, 7, kc., lines D\, Dß, 
D5, Ifty &e., be drawn, these lines give the inclinations of the 
other rafters. It is also evident, that the figore of this combina- 
tion of rafters is that of a fonicular polygon formed by the weights 
Gp Gg, G3, &c., {»et vol. I. § 144), and this coincidence is 
quite explained, if we conceive the two halves of the weight 
G of each beam coUected at its ends D, C, B, &c., and pnlling 
downwards, that is, if we assome the weight G acting at each 
of these points. 

If we take the beams very short, and very numerons, the axis 
of such a framing becomes a catenary. 

§ 24. Supported rqfiers. — K the head of a rafter rests on a 
piUar BC, Pig, 86, the thrust of the rafter 
is less than when it merely leans on a verti- 
cal wall. In this case, according to § 21^, 
the pressure on the head of this pillar is : 

P=G-^«w. « = i Gco». ^, 

and the horizontal thrast : 
H-Psin. « = J G COS. a m. 5 = J Gwn. 2 ^. 
As the pillar supports a part of the weight 
G = V=Pcos. a=i G [COS. «)», the beam 
does not of course press with its whole weight G on the foot A ; 
bat with a force : 
F,= G— i G {cos. if^G [1-i {cos. IY]^\ G [l + («ii. «)»], 
From this vertical pressure, and the horizontal thrust /f, we 
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get the angle ff>, which the resultant R makes with the horizon^ viz. 
n ^ ^ ^ 1 sin, 2^ 



Fl " ' • 1 + {Hn. a)2 • 
If we introduce the depth AC = b and height BC = A, we 

h h C 

get tf = ^ g . — , while in the case of the beam simply lean- 

h C* 

ing, wehad/f=j . -5-. If each unit of length of the rafter 
bears a load whose weight is y, we have G = ^^ä^^^s . yj and 
therefore in the one case H = - — ---J^ — ^ , and for the other 

H=z _Jl^ — HL — . y, 80 that if the pillar support the rafter, the 

horizontal thrust is so much the less the lower the roof ; while 
for roofs without such support, the thrust is greater as the roof is 
lower. 

^^^ jg That the post BC may 

not be overtumed by the 
horizontal force H^ it is ne- 
cessary to support it by a 
wall. 

The relations of the forces 
now discussed, occur in the 
coupled roof, shewn in Fig. 
36, applicable in some cases, 
where the rafters are sup- 
ported at the ridge by a central wall or column. The pillar takes 
up the weights \ G {cos. ^)*, 4 G {cos, S)^, and transfers, there- 
fore, the vertical pressure G {cos. ^)^ to its support, and the 
horizontal thrust H= ^ G sin. 2 ^. There is no side support 
required for the pillar, as the horizontal thrust is equal on each 
side. 

Example. For the roof in the example to § 22, the loading of one rafter (r=2692 
Ihs. » ^ 20 feet, h^SO feet, therefore, tanff, ; = * , or ^ » 56» 18' 36''; and, 
therefore, when a pillar is put in, the horizontal thrust is : 

ff^ t21t gin, 112« 37' 12" - 673 tm. 67" 22' 48" » 621 Ibs. 

2692 
The vertical pressure taken up by the pülar is F = -y- («w. 56« 18' 36")» 

« 746,3 Ibs. ; and, therefore, the beam supports a strain of only 2692 — 746,3 
» 1945 Ibs. 
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§ 25. King-posts. — Whilst in the cases just considered the 
posts relieve the tie-beam (or walls in the absence of a tie) of a 
part of the thrust of the rafters^ the king-post BC, Fig. 87^ acta 



riG. 37. 
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^^^^^^^^^^^^Vr^^HI ^lk!<^ 


^^^^' 


^^^^^^^^IvfSI^H' i^l^nJ^V 


^P 1 




^^^J 




hH 





in a very different way ; it carries a part of the weight of the tie- 
beam AD, and transfers it through the rafters AB and DB to act 
as thrust on the side walls^ or rather as tensile strain on the tie. 
The force Q acting through the king-post^ may be deduced firom 
the scantlings of^ and kind of load acting on the beam AD. If the 
load be uniformly distributed^ it may be assumed^ that the one 
half is supported by the side walls^ the other half hangs on the 
king-post ; but if the load be applied at the centre of the tie^ it 
must be considered as acting entirely on the king-post. The force 
Q on the king-post is decomposed into two others in the direction 



of the rafters, the value of each of which is S = 



and if 



2sin.r 

we combine these forces with those arising from the weights G, G 

of the rafters, we get the horizontal thrust in A and D : 

G + Q 
jff = ^ G coiff. ^H-S COS. 3= — ^ — . cotff. S, 

and the vertical pressure at that point : 

r= G + Ssin. a = G + J. 

For bridges and roofs of great span, more complicated framings, 
with two or more posts, and termed trusses, are applied. Fig. 88 
represents a tmss with two posts, termed queen-posts, BC and 
-B,Ci, with a collar beam between them BBy The manner of 
calculating the strains in this framing is exactly similar to that for 
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1/ u 
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the simple oouple with king-post. From the load on a queen-post 
Q, the horizontal thrust on the collar-beam tending to compress 



rio. 38. 




it, and acting on the aide walls^ if there be no tie^ is Zf = ^ Q 
cotg. S, when h is the inclination of the raflers or braces AB and 
A^B^ to the horizon. As this angle is frequently a small one^ the 
thrust is considerable^ and therefore care must bc taken with the 
foot fastenings^ {see vol. ii. § 17). The scantlings of the braces 
and collar beams must be fixed by the rules in vol. i. §. 206, &c., 
so that they shall resist flexure and fracture, when exposed to foroes 

The force Q depends on the loading of the bridge or roof. If 
the load be uniformly diffused, we shall do best to assume that 
each post carries i, and each side wall -^ of the load. 

Exanq)k, Suppose the trossed bridge in Fig. 38, designed as one of two for a 60 ft. 
Bpan and 12 feet wide bridge : suppose each Square foot of the bridge together wIth 
ks loaa weighs 50 Ibs., the weight of the bridge is 12 x 60 x 50 »36000 Ibs., and the 

9£AAA 

toad on the queen-posts ^ — - — = 12000. Therefore, for an indination of the 
rafters of 22i<', the horizontal pressure - ^ 12000 eotg. 22|o 
=» 14485 Ibs., and the thrust through each rafter 



6000 
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« 6000 X 2,4142 

.^— ^ 15679 Ibs. The 

half of these strains come on the 
pieces of each of the two trusaes, so 
that on each collar there would be 
7242,5 Ibs., and on each rafter 
7839,5 Ibs. If we take the resis. 
tance of wood (vol. i. § 206) at 
7400 Ibs., and if we strain only 
to ^ of the absolute strength, we 
get for the section of each collar 
be.mF= 7242,5 ■ 20 1448.5 
7400 , - 74 



/ 
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* 19,6 squire inchet, and for each braoe or nfter 



7839,5 . 20 15679 



» 21,2 



VJ^; ^ 


'"f ^: „ 







7400 74 

Square inehes. 
JUmm-k. More oomposite tnuaet, as indicated in Figs. 39 and 40, are calculated 

in the lame manner as the above. 
^^' ^' In eacfa of theae tt may be astnmed 

thai eacfa of tfae fbar posta or np- 
rigfats carry ooe fiflh of tfae entire 
kMd, and tfaat the remaining fiftfa 
rests immediately on tfae aide walb. 
In the construction ihewn in Flg. 
40, tfae directions of tfae difRerent 
rafters are not optional, but depen- 
dent one upon tfae other. If Q be 
the weight on eacfa post, and S tfae 
of tfae brace BC, and ^i tfaat of AB, tfae faorizontal tfamat 
H^Q eoi§. a -» (Q+ 9) eotg. ^„ faence eotg. ^ » 2 eotg. a, 
or Iny. ^| » 2 Um§. 9. 

§ 26. Timber bridges. — ^The framings in the foregoing section 
Fio. 41. Support the road-way or ceiling by 

Suspension, but there are trusses 
applied for bridges, which support 
the road-way on the opposite prin- 
ciple of suiiaining them. In these 
latter, the distribution of the pres- 
sure takes place exactly as in the former. In the simple case shewn 
in Fig. 41, we have from the vertical force Q acting at the centre 

Pio. 42. 





of the bridge AA^, the horizontal thrust H= ^ Q cotg. S, and 

Q 

the strain on the spear or strut BC = S = i — : — r-, when S 
' stn» c 

is the inclination of the strut. In the example, Fig. 42, the 
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FIG. 44. 




FIG. 45. 



". J^.. -:"^ 



"°- ^3. forces are the same^ but in 

this case Q may be taken at 
i of the whole load, whilst 
in the case Fig. 41, Q = i 
the load. The piece CC^ 
in Fig. 42, is termed a 
straining cilL If there be 
a double set of struts or 
spears, as indicated in Fig. 
43, there are four struts, 
and it may be assumed that 
eaeh carries one fifth of the 
whole load, or Q = -f G. 
To prevent deflection of 
long spears, braces or coun- 
ter-briices AD, A^D^ are 
added, particularly when 
there are several sets of 
spears. The distribution 
of the pressure in the case 
of spears of unequal length 
being used as in Fig. 44, is 
to be taken as exactly the 
same as in Fig. 43, only 
that in these the braces or 
suspending posts CD, C^D^ 
become the more requisite 
as the struts come to have considerable length. It is proper to 
take the weight of all the parts into calculation, and to reckon 
that half the weight of each part acts at its end. 

The centerings for bridges afford the most frequent application 
of the kind of framing we are now considering. Figs. 45 and 46 
represent two such centres. The pressure which each simple 
frame ABB^A^, or ABAy^ undergoes and has to resist, may easily 
be determined by calculating the weight of the part of the arch 
bearing upon it. If the two spears abutting on each other have 
diflferent inclinations to the horizon, as in the construction shewn 
in Fig. 46, the strain on them is of course unequal. If the angles 
of inclination of two such spears = h and \, and if the vertical 
pressure at the abutting Joint = Q, the strain along the spears 




PORTS. 



Qcos. S 



"^ ~ «n. (J + \) ' » m. (J + «,) 



45 



andthe horizontal thrust 
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§ 27. Roofs. — In roofs, coUar 
beams are applied to prevent de- 
flexion of the rafters, as also queen- 
posts, braces, &c.^ and the nature 
of the foFces may be traced, as in 
Figs. 47, 48, 49. 

pie. 49. 
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§ 28. Posts. — ^The strength of pillars and posts subjected to 
tensile or compressive strains, when these aet in the direction of 
the axis, have been investigated, vol. i. § 183 to § 206. It how- 
ever not unfirequently happens, that the forces 
aet out of the axial direction, and we shall there- 
fore examine this case. EF in Fig. 50, repre- 
sents a snspending post to which a tensile strain 
P is applied excentrically, Let F = the area, / 
the length EFot the post, a = the leverage FH, 
or the distance of the direction of the force from 
that of the axis. Prolong FH in the opposite 
direction, and make FL=FH=^a, and conceive 
that in L two equal and opposite forces i P, — J P 
there results to an axial force FP = P, and a couple 
The former extends all the fibres uniformly by a 

p 

quantity Xj = = — = . /, but the latter extends the fibres un- 

equally on one side, and compresses them unequally on the other. 
If the post be rectangular, with the sectional dimensions b and A, 
where h is in the same plane as a, the moment of the force : 




aet 
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Pa = ^WE = ^i^ E (vol. I. § 191), 



bat the extension or compression of the fibtes at the distance 1 

12 Paf 
4A»£ ' 



12 Pal 
from the axis : X^ = , .3 .„ , and that of the extreme 



fibres = - . Xg = .^ „ , therefore the greatest extension : 

K X 

But for the force K producing rupture - -p^J» bence themodu- 

lu8 of strength : 

Ä = r^ ( 1 + -r-) f and inveraely : 

If the post be cylindrical, and its radius = r, we have 
(vol. I. § 195). 

n ^»""^B.!. X 4 Pal 

Pa = -fl**K hence X, = -^pjte' 

and tbe longitudinal extension : 

, ^ , ^ P , . 4Pg/ P/ /, ^4o\ , ,. ,E 



1 + T- 

If the force act at the periphery of the post^ we have in the first 

case a =^ i h, and in the second a = r, and, therefore, for the 

hh 9^ fr 

rectangular section P= -j ^^ and for the cylindrical P = — = — . 

Thus, theoretically, a rectangukr post will carry only J, and a 
cylindrical one only -^ when loaded in the direction of the side of 
what it will carry when fairly loaded. Experiments on cast iron 
give results of ^ instead of i for rectangular colunms. 

The same laws apply to the uprights AC, Fig. 51, but then X 
must be taken as the greaiest compression. 

If the column be incUned, as in Fig. 52, and if its foot make an 
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•''o- 51. Fio. 52. angle a, with the homon, we 

may decompose P into two 
othen Pi = P sin. a, and 
P^ :ss P €09. o, and in the 
eqoations for \ and X^, we 
must Substitute P sin. o, for 
P, and besides this the eicten- 
sion X3 produoed by the normal force P cos. a, has to be intro- 
dueed. If for P we Substitute P cos. a for P, and / for a, we 

obtain —^ for the greatest extension or compression produeed by 

the force P cos, a, and hence for rectangular sectioned beams 
this extension or compression : 




2^3- 



ßPPcos. a 



', hence 



[{l+^)an.a-^^cos.a']; 



Ebh 
and therefore the tension 
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p= 



bhK 




0-¥) 



6/ 
stfL a-i—r- cos.a 
n 



If the arm FH be on the up-side of the beam^ as 
shewn in Fig. 58, we then have : 
p_ bhK 

( l±-^l«n. «-r-T- cos.a 

and for round columns the expression becomes : 

p -^K 

(^ 4a\ . -^4/ 
(Ijf^ — J stn.ar\- — cos.a 

§ 29. If a loaded beam AB, Fig. 54, rests upon two uprights, 
the load Pbears upon each in the proportion ^ P on AD, and 

^ P on BE, when l^ l^j and /,t_repre8ent the lengths AB, 
CA and CB respectively. If a similar beam rests upon three or 
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more uprights, the pressure on eaeh can only be determined by 

Pio. 54. Pio. 55. PiG. 56. 




aid of the theory of the elastic resistance of materials. If weights 

P and P act at the eentre of the lengths AC and BC, and if we 

assume that to one part AC'\% independent of the other part BC^ 

the pressure on the eentre upright = P, and that on eaeh of the 

others = i P. But if we consider the beam as an entire piece, 

the circumstances are different. 

When a beam fastened by one end into a wall AB, Fig. 56, 

Supports a weight P at C, and is supported at the other end B, 

the beam forms an elastic eurve, horizontal at A, but inclining 

upwards at B. For simplicitjr's sake, let us assume P as acting 

at the middle C, and put the length AB = 2 /. The deflexion 

BT oi the outer half CB is equal to the deflexion of the inner half 

^Z)= BE plus the tangent distance TE. But according to vol. i, 

P P 
§ 189, the height BT= ^ ^^, if P^ be the force on the end B 

required. Again the deflexion : 

P^ Pi M.«. .,>.^_ PP 5P,/» 



/l 6 
VT 



^^8 WE 2 WE 

and the tangent distance : 

TE = CE . tang = / L 
and hence it follows : 



/«-y /») = 



^WE 6 WE' 



PP 



2WE 



'2rVE)~2WE 2WE' 



El-P. 
3 ~3 



5P, 
6 



+ 2 2 ' 



or 16 P, = 5 P, therefore P,=TSr P. 



According to this view of the matter, the support B bears -f^ P, 
and the point of fixture A -{-^ P. The same relations obtain in 
the case of a beam supported by three uprights, when the ends 
A and B are free to move up, but the middle part C kept horizon- 
tal. The uprights under A and B carry, therefore, eaeh -,V of 
the weight P, whilst the eentre post carries ^-§- P. 
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i^o. 57. Fio. 58. If the Supports be in- 

clined as shewn in Fig. 57, 
there arises a horizontal 
thrust H = ^ P cotg. ^, 
with which the feet of the 
posts tend to spread. If, 
again, a beam resting upon 
two uprights bestrengthened 
by two braces as shewn in Fig. 58, we may, though only as an 
approximation, assmne that at eaeh end A, A^ a pressure — ^ P 
acts; whilst on eaeh point C, Cp there is a pressure of +J P. 
(The ends AA^ must, therefore, be well strapped down). If ^ be 
the angle of inclination BCA of the braces BC, the horizontal 
thrust in C and 5, = ^ P cotg. ^, and the thrust along the 

brace ^ ^g-^. K, again, / be the whole length AD and l^ the 

part BD of the support measured up to the brace, the hori- 

zontal strain on the upright = ^j- . ^ p cotg. B, and, therefore, 

the column has not only to bear the vertical pressure -^, but like- 

wise a horizontal force =y A . Pcotg. a, creatingflexure round B. 

In Order, therefore, to insure the sufficiency of such a frame, the 
formula : 



iP = iÄifHYl + 6.-f4 
must be satisfied. 



Ih 



cotg, A 
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§ 30. Braces or struts.—¥ig. 59 shews a case of frequent 
occurrence. Where a beam AB, fixed in a 
wall or otherwise at one end, loaded at the 
other, is strengthened by a brace or strut CD. 
Let AB the length of the beam = /, and the 
part AC =1 1^, the inclination of the beam 
= a, and that of the strut = B. From the 
load P there arises a vertical pressure in A 




j^-*. 



doumwards : F = y 



P, and a vertical pressure upwards: 
Vi = ( -/"-^ ) P' The first vertical pressure downwards resolves 






itself into two forces along the axes of the pieces : 

VOL. II, 4 
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s = 



Veos. i 



IPcos.i 



«1 = 



m. (^— a) /i sin. {i—a) 
V COS. a IPcos. a 



; and 



pio. 60. 



pio. 61. 




sin. (^ — a) /, sin, (^— a) 

The case shewn in Fig. 60, wherc the beam is supported by a iie- 

bracCy is to be treated in a manner exactly similar to the above. 

In most cases, the beam AB is horizontal, or a = QP, then we 

have : 

IP l P 

S=V cotg. <y = — cotg. i and S^ = j-^j- 

The scantlings of the 
brace have to be deter- 
mined in proportion to the 
strain S^ acting on it, and 
that of the beam with refe- 
rence to the strain S com- 
pressing it, and likewise 
the cross strain arising from 
P, acting with the moment 
P il—k). Hence (§ 28) : 

P = bhK:(Lcotg.l^6't^), 

andby this equation, the section bh of the beam must be deter- 
mined. For the case shewn in Fig. 61, we have to find the strain 
on the upright. The part DE of the upright is compressed by 
the force P, and strained across by the moment P/, therefore, we 

h h W 

must put P = ^y, in order to get the required section b h. 

The piece AD, on the other band, is under a tenmle strain 

= ( , M P, whilst the cross strain is the same, as for the lower 

part ; we have, therefore, in this case : 

bhK 



i^^^HI 



p = 






If at the foot of the upright there be placed a strut FG, this 

IP 
would take up the strain S = , if a be its inclination 
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PI 

and a = EF, and the force S^ = -r-^^a»V- * P*«*^ through the 

uprights. Hence the part EFot the upright ii strained by a force 
= P — S^ or Si — P, the former when a cotang. a <>/, and 
the latter when a cotang. cU^ l, or according as the strut falls 
within^ or beyond the point of Suspension. 

Example. In the firMning. Kg, 61, suppowsP - 1500 Ibi., JB - 12 fect, the 
upright £^ » 24 fect, the incBiiÄtion of the bnces - 4S», md the horizontal pro- 
jection of each » 6 feet ; reqniied the neoessary strength for the fitame. 

The braoes have straint : 

& iL. «1LJ£22 = J???_-42431b..towith.taniL 

^ l^tuuS 6 »1.45 0,7071 

Taking 7400 aa modulo» of strength, we get, allowing 20 times ahaolute rtrength. 



the section of each brace = 



4243 



7400 



20 



11,5 



sqnare inchea. For the beam 

WC mxf take according to vol. i. i 198, K - 12000 Iba., for breaking acroas 
is here moat fikely to occnr. Allowing 20 times the abaolute strength, we have 
toput : 

20.1500— l!2!!»**_.ar_**^- 5. 



12000»* t* 

.eyt-'u 1 + 18 



If DOW we make the depth of the beam double ita breadth, we get : 
2 Ä» = 5 (l + I), or 4»— * Ä - V. From thi« we get the breadth of the beam 
3,1 hiehea, and the depth 6,2 inchea. For the upright, that ia, for the ccntre part, 
by nmilar reasoning we get : 

20.1500«J?!?2i4,thatU-liL.4,or**«4^i|2-, 



and if m thia caae we make A - 2 *, we get M — ♦ * - 45, from which * - 3,7, 
and A » 7,4 indies. 

§ 31. Compound fconw.— Beams laid upon one another, and ^ ^ 

unitedonlybyW^a, Fig. 62, have a resistance tffftia/ on^ /o /Ae 2'^/' 
mn of the rmstances of the individual beam. If the beams only 
abut on each other, as in Fig. 68, and the bntting joints be made 



FIG. 62. 



riG. 63. 





to break-joint, the strength of one beam is lost to the whok. If 
the beams be morticed, and tenoned as in Figs. 64 and 65, well 



rtQ, 64. 



no. 65. 
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strapped together^ the atrength of the combination is almost equal 

to that of a solid beam of the same dimensions. 

Beams are frequently built in this manner, to get great strength. 

The resistance of the elements of a beam increase, as their distance 

from the neutral axis. If, therefore, we separate two beams by 
gg thick tenons or wedges, and then strap 

or holt them together, as in Fig. 66, 
their strength is considerably increased. 
l{ b he the breadth and h the depth, 

/ the length, and a the distance between the two beams, the 

strength of the combinations (vol. i. § 200) is : 



^"K /(a+2Ä) )'6 • 



If for example, a = 2 h, then P = 14 
bh* K 



**1 K 

l • 6' 



whereas 



P = 4 -y- . ^, if the two beams had only been morticedtogether. 

The same relations obtain in the beam, shewn in Fig. 67, 
^- united by St. AndreVs crosses or 

FIG. 67. » . >• . -r fi 

latttce-frammg. In like manner, we 
determine the strength of wooden 
beams, composed of curved pieces 
as in the bridge, Fig. 68, bat it 
must be strictly bom in mind, that wooden framings lose much of 

Fio. 68. 
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their strength by deflexion. A principal advantage of such con- 
structions is, that they are more stiff, and less liable to vibratethan 
simple beams, and that, as they act only vertically on their points 
of Support, they require no abutmenis, properly so called. 
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Curved beams, as shewn in Fig. 69, have been frequently 

rio. 69. 




applied in cast iron stmctures, and cast iron arches, as in Fig. 70, 
are a very usually employed bridge material. To judge of the 



Fio. 70. 




strength of such a structure, its line of resistance must be deter- 
mined. If this faU everywhere within the arch, it shews that 
there is no cross-strain on the material, but only compression ; but 
if the line of resistance fall wiihout the arch, the weak point is 
where it runs fiirthest firom the arch, and the resistance of the 
material to cross-strains, is that upon which the stability of the 
stnicture depends. 

§ 82, Chain or Suspension bridges. — Suspension bridges involve 
considerations distinct from the principles of the stability of either 
stone^ wood or cast iron bridges, inasmuch as the road-way is 
suspended from chains or ropes, or is supported upon these. The 
former is the more frequent construction. Chains or cables drawn 
up with considerable force, between two or more piers or supports, 
pass over these to fastenings in rock or masonry, as shewn in 
Fig. 71. The chains are formed of malleable iron bars, united by 
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pins or bolts : and cables of iron or steel wire^ laid stüvoffee, or 
twisted together^ are frequently employed instead of bar-chaiiis. 



pio. 71. 




'i^j^<^^4'mf^^-'.Z<i^^ *' 



The dimensions of the links or bars, depend upon those of the 
bridge. In large bridges they are made about 1 inch thick^ firom 
3 to 9 inches deep^ and from 10 to 16 feet long. UsuaUy, several 
sets of bars are hung together, forming a Compound chain united 
by coupling plates and bolts^ as sliewn in Fig. 72, (or without 
coupling plates, aecording to Mr. Howard's patent plan). Wire 
cables are composed of wires of from -^V to ^ of an inch in diameter, 
^and are made of any requisite diameter, varying fit)m i an inch to 



piG. 72. 



Fio. 73. 




3 inches. The suspending rods consist of wrought iron rods, or 
of wire ropes. The rods AB, A^Bi, are hung by pins passing 
through the coupling plates as shewn in Fig. 73, and suspending 
ropes are attached as shewn in Figs. 74 and 75, by means of 
shackles with eyes, or by a simple loop. The cross-beams of the 
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^ . -- road-WBY C, C, are some- 

Fio. 74. Fio. 75. * , 1 

n^ ^ ^ times fastened to the sus- 

lA^^ "ff^in^ pending rods as shewn in 

mA Fig. 74, sometimes as 

f shewn in Fig. 73. The 

|/9 rod goes either through 

M %/>[ ^^® beam, and is then 

a^ fastened by a nut resting 

■"^ on a metal plate, or 

washer, or a stirrup, or strap is put over the beam, a hook on 
the Upper aide of which goes into the eye of the shackle of the sus- 
pension rope, or into the loop formed on it. Upon the cross- 
bearers longitudinal beams are laid, and these are covered with 
three inch planking, and again three inch cross planking, aecord- 
ing to circomstancesj and npon this road-metalling, &c., is laid. 
In general there are two Systems of ehains, one above the other, on 
each side of the bridge, and hence the nnmber of Suspension rods 
is twice the number of joints in any one chain system. The dis- 
tance from centre to centre of suspending rods is about five feet. 
The parapet of the bridge ought to be framed so as to give the 
greatest siiffness to the road-way.* 

The width.of road-way depends on the purposes which the 
bridge is to subserve. There should be 8 feet at least for a foot- 
path, and 7 to 7J for a carriage way. For a bridge for ordinary 
traffic, a total width of 25 feet between the parapets is sufficient. 

§ 33. The versed sine of the are of Suspension bridges, is 
generally small in proportion to the cord, varying from -f to Vri 
and, therefore, the strain on the chain is very great (v. i. § 144). 
The piers on which the chains pass, and the fastenings by which 
chains are held must withstand very considerable forces, and hence 
piers of great stability, and abutments, or rather anchorage, of great 
resistance must be provided. The span of Suspension bridges is 
regnlated by various circumstances. A series of smaller spans is 
often much more economical than one or more large spans to cover 
the same interval. 

The Menai bridge in England, the two bridges at Fribourg in 
Switzerland, the bridge at Roche Bemard in France, the bridge 
over the Danube at Ofen, are examples of large spans of from 
600 to 720 feet ; whilst there are innumerable instances of less 
span in every country. If the chain be not equally strained on the 

* See Appendix. 
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two sides of the pier, which always occurs when one side only is 
loaded^ the chain slides forward towards the side on which there is 
the greater load. As^ however^ there would arise considerable 
friction between the rope and the head of the pier, under the pres- 
sure of the resultant force being on it, the pier must have stability 
to counteraet a force equal to this friction. To prevent this action, 
special contrivances are adopted for diminishing the friction. These 
means consist, either in passing the chains over rollers or pullies, 
Fig. 76, which reduces the sliding friction to a roUing friction on 
a small axle, or the chains pass over a sector which rocks on the 
head of the pier, inclining to one side or the other as extemal 
forces act upon it ; or, lastly, the pier is made as a column rocking 
on its foot, or on a horizontal axis at its foot. That the resultant 
of the forces acting on the chain may press vertically on the pier 



Fio. 76. 



FIG. 77. 




head, and thus be least strained by it, it is necessary that the 
parts of the chain on each side of . the piUar should have equal 
inclinations to the horizon. If this equality cannot be obtained, 
as is not unfrequently the case for the land piers of bridges, the 
piers must be considerably strengthened. 

To fasten the ends of the chains to the land, various devices have 
been practised, the general plan of which is to carry the chains by 
wells or drifts into the rock or soil, and there to fasten them to 
broad iron or wooden piles, or plauking as at AB, Fig. 77, which 
abut upon substantial retaining walls of masonry, or against an 
arch, or against the rock itself. The fastenings can thus be 
examined at any time, and adjusting wedges for compensating the 
influences of expansion and contraction be conveniently manipulated. 
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Rewtark, On the subject of smpeiiiion bridges, the mott complete treatise U thit 
af Navier, ** Rapport et M^iiK»re tur let pontt gutpendui, Paris, 1823." The papen 
of Mr. Davies Gilbert in the ** Transactions of the Royal Society of London, 1826,'' 
are important in the lustory of these bridget. In Moaeley't " Engineering and 
Architecture," there ia a very elegant inrettigation of the properties of theae itnic- 
tores. The treatiae of Drewry on ** Suspension Bridges, 1832," is a very excellent 
resume of the general practice in respect of Suspension bridget. The acconnt of the 
Suspension bridge orer the Vilaine, at La Roche Bemard, by Leblanc, Paris, 1841, is 
Tery instructive. There is a treatise of Seguin, '* Memoire sur les ponts en fil de 
fer," worthy of attention. There are many memoirs in the *' Annales des ponts et 
diaosate" on this subject, and in the volume for 1842, there is an aocount of a 
bridge made of rUbom of hoop iron.* 

§ 34. The curve formed by the chain or cable of a Suspension 
bridge^ lies between the parabola and the catenary^ and is very 
nearly an ellipse. The parabola approximates the curve in the 
loaded bridge^ the catenary in the unloaded (compare vol. i. § 144 
and § 145^ &c.) We shall consider the curve as a parabola^ or 
the bridge in its loaded state. 

If the two points of Suspension B and D, Fig. 78^ of a chain^ 

rio. 78. 




be on the same level, and if BD=^2 b, and AC the versed sine or 
height of the are = a, and the angle CBT = CDT = a, then 

iang. a =-ßQ = y (vol. i § 144). 
K the points of Suspension be at different levels, as in Fig. 79, 

FIG. 79. 



^Ha 



* See Appendix. 
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the apex of the «urve is not in the centre, and the ends of the 
chain have different inclinations. If we put the co-ordinatea AC 
BiidBC:= a and b, and the co-ordinates AF and FD— a^ and 
ij, we put the whole span BE = *, and the diflference of 
DE = Ä, we have : 

h = a — Ol, * = J + Ä„ and — = Yi, we have, therefore, firom 

h, 8 and a : ^ *» ^' «" t, - ♦-' / . 

and for the angles of inclination a and o^ : 

lang, a = -r-, and tang. a^ = -r-^. 

The length of the parts of the chain AB = / and AD = l^, 
is expressed by : 

/ = Ä [1 + I (f)'], and l,=b, [1 + 8 (^)'], (vol. I. § 147). 

If we have the distance e between the Suspension rods, their 

number for a length BC = b, is n = ~ ; and if in the equation 

xzn^ a^ we Substitute for y the values 0, e, 2e, 3e, 4f, &c., 

. we get for the lengths of the Suspension rods : 

0, -^a, ^a,-^a, &c., or 0, ^, ^, ^, &c., 

to each of which a few inches are to be ädded. 

From the weight O of the loaded half of the chain AB, the 
horizontal tension of the whole chain : 

\/ z (t H^ O cotg. a = ^ G, and the entire tension on the end : 

sin, a v'i^ + 4a* 
If we know the modulus of strength of the chains and Suspension 
rods, we can determine the sectional dimensions they shpuld have. 
According to French experience, the greatest load that should be 
brought on chains, is 12 kilogrammes per Square millinietre.(or 
about 8 tons on the Square ineh), and for cables of iron wire 
18 kilog. per square millim. or about 12 tons per square inch. 
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The mupension rod» are made much stronger in proportion^ as they 
have to resist the shocks of loaded Waggons, &c., passing along 
the bridge. The load on them is reduced to firom 1^ to 8 tons per 
«quare inch of section. / 

§ 8& Seeiitmal dknensiom ofihe chains and ropes. — In order to 
determine thedimenaoniaf thepartflof asoapeuaion bridge, we have 
to take into oonsideration, not cmly the weigfat of die xoad-way, bot 
also the greatest weight of men, as troops, or of cattle, or of waggont, 
that can be bronght to bear upon it. This has been taken as 4ä Ibs. 
per Square foot of sur£M» by Navier, but in the case of a dense 
crowd of personsy it might amount to 72 Ibs. per square foot. 
Having assomed a certain maximum load, the dimensions of the 
erosB and longitadinal beams have to be detennined, and hence we 
find the entire weight of the road-way. If we put the sum of this 
eonstant weight, and the maximum load that may come on to the 
bridge = G^y and the modulus of strength of the Suspension rods 

= K, we get for the section of these F^ = -j^? From this we have 

the weight of these rods, which has to be added to that of the 
road and load, in order to put the total load on the chain G. If 
we put the section of the chains = F, and the specific gravity of 
the iron = y, we have, retaining the notation as above, the weight 
of the chains : , ^ . ^ l''< 

G,=F/,=Fi[i+j(fy]r, -r;:;:.' '\'', 

and hence the total load on one half the bridge : '' ""/ 

G=G,+G,=.G, + F6 [l +1 (1)'] y, 
and the strain at the point 

»in. a sin. a 

But for the necessary security S = FK (where K is the modulus 
of. strength), therefore: 

FKsm. ar^^l-^i (-)*] y = G^, 

t. e, the section of the chains : 

j. • Gl , 

Ksm.a—b^l + 1 ("lyjy 
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Example, The dimensioiu of the parts of a lutpensioii bridge of 150 feet span, 
15 feet deflezion, and 25 feet in width are required. Suppote 45 luspeniioii rods 
on each üde, we have then 44 equal parts of 3,409 feet. The leagth of theae rods, '^ 

commencing at the centre would be 0, i|- - 0,031, 4 . 1|- - 0,124, 9.1^ ^A*" 



_,-«,UOI, *.j^ - »,^^^,^.^ 



= 0,279. 16 . 11 - 0,496, 25 . 15^ » 0.775 feet, &c, or if we add to eu^ .,^v 

2 inches, the length becomes 2. 2.37, 3,49, 5,35, 7,95, 11,30 inches. &c. 

The maximum load on the half bridge, we shall take according to Navier': 
75 X 25 X 42 Ibs. » 78750 Ib«., andjf Jhe road-waj weigha a little leis thaii a ton 
per foot foTward.G] » 157500, and the section of all the rods of one half 

of the bridge : f\ — — 72 Square inches. The whole bridge is suspended on 

72 2 
90 rods, and hence the section of each rod is -r-^ » 1,6 Square inches, or the 

4d • 2 

diameter of the rods must be 1,427 inches. According to the rules for the qnadnu 
ture of the parabola, the mean length of a Suspension rod « i that of the largest, 
therefore, » -^ . 15 — 5 feet, and if as above, we add 2 inches to it, then it « 5^ ft. 
or 62 inches. Thus the volume of all the rods is 90 x 62 x 1,6 » 8928 cuMc inches, ^ 
and the weight taken at 0,29 Ibs. per cubic inch - 25M4bs. The half of thu 
addedto the above-found weight of half the road-way gives O.« 158794 . 5 Ibs. 
and hence according to the formula : 



if, ö, - 158794,5, K « 17500, * = 75 + 12 - 900, ^ « 1^^ 0,2083 , 

7 «0,29, andm-a« — ^^ — ^^ ^ 1 ^c/.37/^ 

V*« + 4d« V75« + 30' V6,25+l ^7,25 
_158794,5 ^ 158794,5 ^ 158794^ 



17500 . 0,3714—900 . 0,29 (1 + i . 0,2083^ 6499,5 — 268,5 6231,0 
» 25,48 Square inches, and, therefore, for 4 chains the section of each would be 
6,37 Square inches. 

§ 36. Ehmgation of chains. — The chains are elougated by the 
load; and; therefore^ the deflexion is increased. Changes of tem- 
perature also^ produce variations in the length of the chains. We 
must know the effects of both these. If the deflexion changes 
from a to a^, the length 

/ = * [l +i (1)'], and ^ = Ä [l + l(jy], 
and hence the elongation of the chain : 

or if A be the increase in the deflexion^ and if we put as an approxi- 
mation a -f fli = 2 a, Xj = ^ -r A, and, therefore, for the whole 
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cliaiii X = 4 j A, inverßdy A = f - X. Prom the weight G of 

the half bridge, the horizontal tension or tension at the apex^ 

H=iG cotg. a, and the tension at the ends : 8 = -: , therefore. 

Hu» CL 

the mean tension = — ^ — =s — i^r— : i- , and the extension 

j» Jb Sin» d 

of the chains caused by this force X = (l+f??!j?) . ^ . 2 /, 

(yoL I. § 183)^ for which we may put as an approximation : 

^ = v=s — ' • If ^ß introduce this value into that for A, we 

rJSä stu* a 

get the increase in the deflexion for the loaded chains : 
b w 2Gb , G l^ 



2a . ^. 2a 

•er sm. a = ., or approxunately = -r-, we get 

^ ~ * • f5 • ^• 

Malleable iron expands 0^0000122 of its length for a rise of tem« 

peratnre of one degre of centigrade. This increase is^ therefore, 

0,0000122 . 2 // for the length of chain]/, and a rise of / degrees 

of temperature, or 0,0000244 / /. Putting this in the expression 

for Aj we get the increase of deflexion for a rise of tempera- 

tnre / : ^ - ? ^ ^ 

b Ä* 

A = I . - . 0,0000244 . ff, or approximately= 0,00000915 . t -. 

In hke manner the contraction is determined for decrease of 
temperatnre. 

Example, RetaxDing the Tiliies of the ezample in the last pangr^h, we get the 
increase of the heig^t of the arc eorresponding to the load, taking the moduhis of 
dastieitj of malleable iron *- 29000000 (toL i. § 186), and adding 6841.8 Ibs. 
the half wei^^t of the chains to the load 158794,5 Ibs. 

O » 158794,5 + 6841,8 - 165636,3 Ibs. 

A - *. — i^^3^-l^- . ?^ - ^ - l,9inch. For a change of tempe- 
^ * 25,48 . 29000000 180« 739 ^ ^ 

ratnre of 20<>, this change of deflexion is : 

0,00000915 . 20 . ^ - 0,4 inches. 
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§ 37. Piers and abutments. — The proportions of the piers 
and abutments form an important consideration. 

"o. 80. If S and 8^ be the tension on the ends 

of the chain, Fig. 80, and a and a^, the 
angles of inclination, the vertical pressure 
on the pier : 

Fj, = F + F, = Ä «n. a + Si «n. a^, 
and the horizontal pressure, as the hori- 
zontal tensions counteraet each other, 
H2 == ^ — ^\ = Ä COS. a — Sj cos, a^, 
If now h be the height, b the breadth, 
and d the depth or thickness of a pier, the density of the masonry 
of which = y, its weight ia bdhy= G, and the total vertical 
pressure = F, + G = Ä «n. a + Sj «n. a, + i rf A y. In 
Order, however, that the horizontal force H^ ^ H — H^ may 
not tum the pier on the edge B, it is requisite that the sta- 
tical moment : 

H^ . LX ^ H^h = {S COS. a — S^ cos. a^) h 
should be less than the statical moment : 

(F, + G) J5L = (Sm.a + 8^sin.a^ + bdhy) |, 

f. e. it is requisite that : 

jj , Ssina-^S. sin. a, . 2(8 cos. a — S, cos. a.) 

^ + — dhi — ' * > j:r — ' "" 

any dy 

For the sake of security, the greatest value of 8 cos. a and the 
least value of 81 cos. a^, are to be taken, that is to say £1 is to be 
taken as completely loaded, and 8^ as unloaded. lliis formula 
assumes that the forces 8 and 8^ are entirely transferred to the 
pier head, which of course only takes place when the friction on 
the pier head exceeds the difference 8 — 8^ of the tensions. 
According to vol. i. § 175, this friction is : 



F= [(l+2/m. |)-l]s„ 



where/ is the co-efficient of friction, n the number of links on the 
pier head, and ß the central angle corresponding to one link, it is 
hence requisite that : 



S-S, < [(l + 2/«n.D"-l] Ä„ 



or 
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S < (1 + 2/««. ^"s, Unless thi» condition be fulfilled, the 
cliam will slide on the pier head^ and therefore we have only to 
put S= (1+2/«». h)*Äu orforropea 8—e^ 8^ (vol. i. § 176), 

in the above formnla. If the chain or cable be laid upon pullies, 
this difference is much less, and, therefore, the requisite thickness 
of pier is less. If the radius of the pullies = a, and the radius 

of the axes on which they tum ss r, then : 

m r 
S =^ S^ + f;^ (S Hn. a -h S^ am. a,), 

for the firiction reduced to that of the axis may be put 

= /Hs««. a+Si««. ai)=/|(r+Fi). If the rope passes ^ 

over rollers, then the friction is so much reduced, that we may 
put S = Sp 

From the tension 8 on the land or 
back chains, we can determine the di- 
mensions of the retaimng wall AC, 
Fig. 81. 

The strain 8 tends to tum the masonry 
AC round C, and acts with a leverage 
CN = CD sin. a^l rin. a, if a be the 
angle of inclination 8DC of the rope to 
the horizon, and / the length CD of 
the wall. The-^hfcigW of the wall resists 
with the moment : : « '/ 

G.CM^hdlyJ^^\hdiy, 

where h is the height BC, d the depth, and y the weight of the 
masonry. For equilibrium 8 1 m. a = i A rfP y, and, therefore 

the requisite width of wall / = — ^^ ' ■ ■ To insure stability this 

must be doubled. That such a wall may not be pushed forward« 
the friction/ (6 — 8 sin. a) must be greater than the horizontal 
force 8 cos. a, or, fG > 8 {cos. a+fsin. a). 




1. e. 



/ > _|- r^+ sin. a\ in which/may be taken = 0,67. 
Ä»y \ / / 

Sitaw^le. For tbe suipension bridge mentioned in prenous pangraphs, the verttcal 
foroe of the loeded cham : F- 1656363 Ibs., and that of the nnloaded : 



/iV 



64 PIERS AND ABUTMENT8. 

F, » r — 78750 » 868863 11m., if now we Buppose friction pulUes to be applied, 

tbe radiufl of etch puUey being to that of itt axia as ^ » i and/ » h the 

friction at tbe pullies woidd be ^ . ^ . (165636,3 + 86886,3) » 15782,6 Iba^ or 
mucb less tban tbe difference of tbe tensions, and tberefore tbe cbains wouM move, 
and tbe puUiet turn tili tbe tention on tbe one bad so far increased, and tbat on tbe 
otber so far decreased tbat tbe difference wonld be only 15782,6 Ibs. If now tbe 
beigbt of tbe pier be 16 feet, tbe tbickncM 4 feet, and tbe weigbt of tbe masomy 
130 Um. per cubic foot, we bare far tbe necessary widtb of piers : 
^ ^ 252522,6 ^^2^5782,6 cet^ . ^ ^^3.^ ^,1 5782,6 . 0,92 ^ ^^3^ 
16 . 4 . 130 4 . 130 260 

Tberefore, b^ ' — » 1,75 feet. Tbis woidd in practke be made 4 to 5 leet. 

Tbe requiüte lengtb of retaining wall, wben A » 16 and <f » 16 feet, is : 

/ - Li^^- ^ ' ^^i^^M - 15,9 feet, wbicb would be made 20 to 25 in 
kdy 16.10.130 

pnctioe. 
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fnodtfying the power^ and a third applymg \i. In i\ 
flour mill^ considered as a machine^ a water ivheel ' 
power of a wat^ fall ; the spur wheel and pinioiij oi 
gear, commiinicates the motion of the water-whccl 
stones revolving in a different /?bne> and at a quitc dij, 
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it may be, from that of the water-wheel^ and these stones grind 
tlie oom^ or do the woi^k desired. 

Rewuark. This sub-division ia not ilways manifest, for there are mtchines, in which 
the power it tnnimitted so directly to the work to be done, that the conuminicaton 
aboTe-mentioned are not apparent. The Bnb-divirion is, howerer, convenient, thoi^ 
it would perhapg be equally so to apply to redpients of power, the generic tenn 
enffine or machine ; to the communicators of the motion, the general tenn mechm- 
niMm ; and to the parts doing the work, the general term of operaton^ and in this 
manner to consider each separately, as they are, in ftct, perfectly distinct. On this 
snbject, there are exoellent obseryations in Wilhs' ** Prindples of Mechanism, 1840/' 
and in Amp^re's '* Philosophie des Sciences." — Ia.. 

§ 89. Mechanical effect. — ^The mechanical effect produced by a 
machine^ is measured by the wark done in a given time^ or by 
the produet of the force exerted^ and the distance gone through in 
a Unit of time in the direction of that force. If P be the force 
exerted; and 8 the distance passed through in a second^ then is Ps 
a true measüre of the effect of the machine L=^Psft. Ibs. 

It is very usual to assume a somewhat arbitrarily chosen, bat 
now pretty generally adopted measure, termed hör se power, as the 
Unit of mechanical effect of enginea or machines. The horse 
power is in England 33000 Ibs. avoird. raised 1 foot high in a 
minute. This is the cheval vapeur of the French^ and which in 
French measures is 75 kUogrammes raised 1 metre high in a 
second. It is the Pferdekrqft of ihe Germans^ or 510 Ibs. Prus- 
sian^ raised 1 foot high in a second. 

We have to distinguish the uteßd effect, the lost effect, and the 
total effect of machines. The useful effect is the work done, the 
lost effect is that consumed in overcoming the friction of the parts 
of the machine lost in shocks, &c., and the total effect is the sum 
of these — the effect inherent ^thejiqtoer, or the effect taken out 
of it. An engine or machine is so much the more perfecta 
the smaller the lost effect compared with the total effect, or the 
less loss there arises in adapting and transmitting the power. The 
ratio of the useful effect, produced to the total effect, has been 
termed the efficiency of the machine. If £ = the total effect 
Zr| = the useful effect, and L^ = the lost effect, the efficiency 

i; = -=i = — = — ?. Thus, the more perfect the machine, the 

more nearly its efficiency approaches to unity ; but as there is 
always friction, and other resistances and losses, that degree of 
perfection cannot be attained. 
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Brampie, An ore stampüig mill consists of 20 »iampert, each of which weighs 250 
Ibs., and each is nuaed 40 times per minnte, 1 foot high. The machine drinng theae 
is a water wheel, takmg on 260 cobic feet per minnte, and ihe fali is 20 feet high— 
required the eSdeney of this machine. The nseful effect ia : 
20 . 250 . 40 . 1 



60 



^ 3333i^ ft. pounds per second ^ 6 horse power ; the total effeot 



bowever, la: ^^ ^ ^^»^ 270 pounda water through 20 feet per second -» 5400 feet 
60 

Iba. per seoond » 9,8 horse power; the lo$t efect -> 5400 — 3333^ » 2066} feet 
Iba. = 3,75 horse power ; and the effidency of the whole arrangement « — ^ 
« 0,62. 

§ 40. Useßil and prefudieial resistance. — The resistance to be 
oyercome by machines may be sub-divideci^ in like manner^ into 
uaefol and prejndicial resistance^ but as the power is applied to 
the oisefiil and prejudicial resistances at different pointe^^ we cannot 
directly set the power equal to the sum of the nsefiil and prejudi- 
cial resistance, bat there most be a preliminary redudion, This 
reduction is made by means of the Spaces simaltaneously passed 
through by the different points of resistance of the machine. If 
the power P be exerted for a space s, and the useful resistance P^ 
for a Space s^, and the prejudicial resistance P, for a space 8^^ we 

have Ps = P^ + P^^ hence P= i p^ + flp^j. 

The point in tbc machine or «ystem at which P is applied, is 

termed the point of application of the power, and the points 

at P| and P^ act are the points of application of the resistan- 

s 
ees ; we have in — Pi the useful resistance jeduced io the point 

of application of power, and in -^ P^ the prejudicial resistance 

redueed to the same point. The power is, tkerefore^ equal to the 
mm oftheusefiUundprefudicial resistances, redueed to the point of 

8 8 

appticaiian cf the power. Again Pi = — P -P\,ox the use- 

Si «1 

ful resistance is equal to the difference of the power redueed to the 

point of application of that resistance, and the prejudicial resistance 

redueed to the same point. Hence the efficiency of a machine : 

IA = -jj^= -^ Pi : P = Pi : — P, that is, the quotient of the 

'useful resistance redueed to the power-poini and the power, or the 

5* 
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Fio. 82. 



quotient of the usefol resistance^ and the power reduced to the 

point of application of the usefiil resistance. 

Yery many machines are adaptations of the wheel and axle^ 

(vol. I. § 152), and hence the reductiona may often be aecom- 
plished as for a lever. If in the wheel and 
axle ABC, Fig. 82, the radius of the wheel 
CA—a, the dmm's radius CB=:b, then the 
statical moment of the power P, = Pa, and 
that of the useful resistance P^ = P^b, and 
therefore the useful resistance reduced to the 

power-point -4 = - P,, and the power re- 
duced to the point of application b of the 
resistance = rr P. If the prejudicial resis- 
tance P^, consist in the axle firiction f{P + P^ 
+ G), and if r = the radius DC of the axle, 
the moment of it is = P^r, and therefore the 
prejudicial resistance reduced to the applicatioif 




of power 



= ^=-^ 



(P4-Pi4- 6), the prejudicial resistance re- 



P r fr 
duced to the point of appUcation of the resistance = -^==^ 

(P+Pi+G). 

Hence P^^P,^.'^ (P+Pj + G), also P^ =|p--^(PH.Pj + 6)r 

Example, For a wheel and drum weighing 250 Ibs., the wfaed being 30 incbes 
radiuBy and the drum 6 incbes radius, tbe axle f incb radius— the useful resistance 
being 500 Ibs., the co-efficient of axle frictiou -,V> ^^^^ ^^^ useful resistance reduced to 

100 Ibs., and the prejudi- 



the point of application of the power = - />j »_ 500 ■■ 

ü 30 

cial resistance reduced to the 



P 
600' 



»point: 
= -^(P+P, + C)-tV. 5^ (750 + />)=* + 
and hence we bare to put the power : 

and the eßcieney of the machinc : ri = j^rr-r^ =■ 0,986. 

§ 41. Working condition. — ^When a machine is set in motion. 
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it soon comes to its working ctmdüion, that is^ there recur at 
regulär periods the same relative position of the parts^ the periodic 
motion becomes tmiformly so. In this condition we assume machines 
to be in applying our principles^ bat their working condition may 
according to circumstances be either uniform or variable. The cauaes 
inducing irregularity are variations in the power or in the resistance^ 
as also the proportions of^ or construction of the machine^ in refe- 
renoe to variations in the Spaces described in a given time by the 
jxmer and resistance^ and the state of motion of inert masses. 

In a steam-engine, the power is variable when the engine 
•" workfl expansively/' that is, when the steam is cut off dnring the 
progressive motion of the piston. In a mill for rolling iron, the 
power and resiatance are continually varying, becanse the forge 
hammer is out ofgear when fallifi ff on the blooms, and, therefore, 
the working condition of the machines is irregulär. If the engine 
pio. 83. ^^^^ expansively, then there would arise from 

the combination of the engine, and hammer, 
and rollers, three causes of irregularity. When 
a weight G, Fig. 83, is raised by a steam 
engine with uniform pressure by means of a 
wheel CAf^ and crauk CBq, the machine has 
a variable working condition, because equal 
Spaces AqAi, A^A^ A^A^ ^3^^ of the resis- 
tance correspond to very unequal distances 
described by the power, and, therefore, the 
ratio during a half revolution is variable, but 
{oT periods of a half revolution it is nniform. 

In the case of uniform working condition, the 
inert masses on a machine are without influence, 
because it is only at first, when the machine 
is still accelerating in motion, that they absorb mechanical effect, 
but later, when uniform motion has established itself, there is 
neither loss nor gain of mechanical effect (vol. i. § 52). But if 
on the other band, a machine be subject to irregulär working con- 
ditions, the inert masses of the parts have an essential influence 
on the motion of the machine, because they absorb mechanical 
effect at every acceleration of speed, and this they again give off 
at each retardation. If M be the sum of all the masses reduced 
to the power or resistance-point of a machine, v^ and v^, the mini- 
mum and maximum vclocities of the power, or resistance-points, 
we have the mechanical effect which the inert masses absorb during 
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their transition from the vclocity v^ to v^» and which they 

give out in passing from r, to v^ = \ ^o^ ) ^' "^^ ^ ®*"^ 

period^ the inertia of the masses increases and diminishes the lost 
effeet by the above amount^ and, therefore, the total effect for the 
whole periodj or the mean effect is the same, as if these inert masses 
were not there. Hence, as a general formula, Ps = P^^i + P^ 
holds good for a variable working condition, if by *, s^, s^, we 
understand the Spaces described in a complete period, or if for 
P> Pif Pv we Substitute the mean values of the power, and useful, 
and prejudicial resistance, for a given period. For the case of 

accelerating motion : Ps = P^»^ + P^^ + ( ^~ M M, hence 



_ Ps-{P,s,^P^^) 



This formula shews that the 



Variation» of velocity of a machine are not only less^ the less the 
difference between the effects of the power and the sum of the 
effects of the resistances, but also the greater the masses of the 
parts of the machine, and the greater their velocity .^ 

JUmark. It does not foUow that becaase the mass of the parts do' not affect the 
efficiency of a machine, but only its working condition, that it is a matter of indiffe- 
rence, whether the parts of o* machine have more or less mass. Weight increases 
friction, gives rise' tö shocks, &c., which are prejudidaL But of this in the sequeL 
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OF MOVING POWERS AND THEIR RECIPIENT MACHINES. 



CHAPTEB I. 

Or THE MEASURE OF POWERS AND THEIR EFFECTS. 

& 42. Dvnamometer. — In order to determine th e mechanical 
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COMMON BALANCE. 



FIG. 84. 




Balances are simple or Compound levers^ on which the force or 
weight to be measured is set in equilibrium with Standard weights. 
Balances are either equal or unequal-armed levers^ and the latter 
are vanously combined, according to the purposes to which they 
are applied. 

§ 43. Common balance. — ^The common balance is a lever with 

equal arms, Fig. 84, on which 
the weight Q to be measured is 
equilibriated by an equal weight 
P. AB is the beam with its 
points of Suspension, (Fr.ßeaUj 
Ger. Waagebalken), CD the in- 
dex or point, (Fr. aiffuiUe, Ger. 
Zunge), CE the support or 
fork, (Fr. support ; Ger. Sehet- 
re), C is the knife-edge or ful- 
crum, a three-sided pnsm of 
hard steel. 

The requisites of a balance are : 
1. That it shall take a horizontal 
Position when the weights in the 
two scales are equal, aod only then. 2. The balance must have 
sensibilüy and stability, that is, it must play mth a very slight 
difference of weight in either of the scales, and must readily recover 
its horizontal position, when the weights are again made equal. 

That a balance with equal weights in the two scales may be in 
adjustment, the arms must be perfectly equal. If a be the length 
of the one, and b be that of the other arm ; P the weight in the 
one Scale, and Q that in the other. Then when the beam is hori- 
zontal Pa=^Qb. If, however, we transpose the weights P and Q, 
we have again P6= Qa, if the beam retain its horizontal position. 
From the two equations we have P^ab^^Q^ab, therefore, P=Q, 
and likewise a=£. When, therefore, on transposing the weights, 
the equilibrium is not disturbed, it is a test of the truth of the 
balance. A balance may also be tested in the foUowing manner. 
If we put one after the other two weights P and P into equili- 
brium with a third Q in the opposite scale, the two weights P and 
P are equal to each other though not necessarily equal to Q. If 
then we lay the two equal weights in the opposite scales, removing 
Q, we should have in case of equilibrium Pa = Pb, and hence 
a=i. Thus the horizontality of the balance when two equal 
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weights are laid upon it, is a direct proof of its truth or justness, 
Small inaccuracies may be adjusted by means of the screws K, L, 
as shewn on the balance^ (Fig. 85), which serve to press out or 
pull in the poinis of Suspension. 



Fio. 85. 




If a baiance indicates weights P and Q for the same body, 
according as it has been weighed in the one scale or the other, we 
have for the true weight X of that body : Xa^Pb and jrÄ= Qa, 
hence X^ . ab^PQ . ab, or, X^ = PQ, and X = VPQ, or the 
geometric mean between the two values is the true weight of the 
body. 

We may also put X= ^/P (P -f Q—P)- P a/i -f 

(Q p\ P -^-Q 
1 H — ^ p j = — 5— , when, as is asual, 

the difference Q — P is small ; we may, therefore, take the arith- 
meticäl mean of the two weighings as the true weight, 

§ 44. Sensibility ofbalances. — ^That the baiance may move as freely 
as possible, and particularly that it may not be retarded by friction 
at the fulcrum, this is formed into a three-sided prism or hdfe^dge 
of steel, and it rests on hardened steel plates, or on agate, or other 
stone. In order, forther, that the direction of the resultant of the 
loaded or empty scale may pass through the point of Suspension 
uninfluenced by friction, in order, in short, that the leverage of the 
scale may remain constant, it is necessary to hang the scales by 
knife-edges. In whatever manner such a baiance is loaded, wc 
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may always assume that the weights act at the points of suspen- 
sioD^ and that the points of application of the resultant of these 
two fbrees is in the line joining the points of Suspension. As 
aceording to vol. i. § 122, a suspended body is only in equi- 
Fio. 86.. librijim when its centre 

of gravity is under the 
point of Suspension, it is 
evident that the fulcrum 
D of the balance, Fig. 86, 
should be above the centre 
of gravity S of the empty 
beam, and also not below 
the line AB drawn through 
the points of Suspension. 
In what foUows, we shall assume that the fulcrum D is above AB 
and above S, 

The deviation of abalance from horisontality is themeasure of its 
sensibiUty, and we have to investigate the dependenceof this onthe 
difference of weight in the scales. If, for this, we put the length of 
the arms CA and CB=l, the distance CD of the fulcrum from the 
line passing through the points of Suspension = a, the distance 
SD of the centre of gravity from the fulcrum = *, if further we 
put the angle of deviation from the horizontal = 0, the weight of 
the empty beam = G, the weight on the one side = P, and that 
on the other = P+Z, or the diflference=Z, and, lastly, the weight 
of each scale, and its apurtenances = Q, we have the statical 
moment on the one side of the balance : {P + Q •{- 2!) . DH 
:={P+Q+2:) {CK—DE) = {P+Q+Z) {l cos. i^ — a sin. i>), and 
on the other side: {P + Q) . DL + G . DF- {P-^-Q) {CM+DE) 
-f G . DP = (P + Q) (/ COS. <^+a sin. (^) + G s sin. f ; there- 
fore, equilibrium : (P + Q + Z) (/ cos. ^ — a sin. 0) =r (P + Q) 
(/ cos. + a sin. <l>) + G s sin. <i>, or, if we introduce fang, f, 
and transform : 

[[2 {P'{-Q)'\-Z] a+Gs'] tang. ^ = Z/, therefore, 

ZI 
^^^- * = [2(P-f Q)+Z]a + G.- 

This expression informs us that the deviation, and therefore the 
sensibiliig of the balance, increases with the length of the beam, 
and decreases as the distanccs a and s incrcase. Again, a heavy 
balance is, cceteris paribus, less sensible than a light one, and the 
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sensibüity decreases continually^ the greater the weights put upon 
the scales. In order to increase the sensibility of a balance^ the 
fine AB joinkig the points of suspensioii and the centre of gravity 
of the hiJande/ nraat be hnrng^t neaier to each othc*. 

If a and s were eqaal to 0^ <» if the pointa D and 8 were in the 

ZI 

line AB, we should have tang, ^ =? — = * , therefbre ^=90^ ; 

and therefore the sHghtest difference of weights woold make the 
beam kick or deflect 90^. In this caae for Z = 0^ we should have : 

tanff. 9 =: j^*i, e. the beam would be at rest in any position, if the 

weights were equal in each scale^ and the balance would therefore 
be uaeless. If we make only a = 0^ or put the fulcrum in the 

ZI 

line AB, then tang. 9 = ^, or the sensibility is independent of 

the amount weighed by the balance. By means of a eounter- 
weight N with a screw adjustment^ Flg. 85^ the sensibility may be 
regulated. 

§ 45. Stabüity andmotion of balances.—^THie stability, or sta- 
tical moment^ with which a balance with equal weights retums to 
the Position of equihbrium^ when it has inclined by an angle ^^ is 
determined by the formula : 

S = 2 (P + Q) . 2>£ + G . DF= [2 (P + Q) a + G*] m. 0. 
Hence^ the measure of stabüity increases with the weights P, Q 
and O, and with the distances a and s, but is independent of the 
length ofthe beam. 

A balance vibrating may be compared with a pendulum, and the 
time of its vibrations may be determined by the theory of the pen- 
dulum. 2 (P+ Q) a is the statical moment, and 2 (P+ Q) . Alß 
=2 {J?-\'Q) (/^+a^) is the moment of inertia of the loaded scales, 
and G« is the statical moment of the empty beam. If we put the 
moment of inertia of the beam = G y^, we have for the length of 
the pendulum which would be isochronous with the balance 
(vol. I. § 250) : 

_ 2(P + Q)(P-f g») + Gy^ 
^ 2(P + Q)a + G* 

and hence the time of Vibration of the balance : 

r 2TP-h Q) (P-hfl^) + Gf , 
gl2{P+Q)a-^Gsl ' 
for which^ when a is very small or 0, we may put : 



-W- 
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2(P+Q) ^+ Gy^ 



ffGs 

It is evident from this that the time of a Vibration increases as 
P, Q, l increase^ and as a and 8 diminish. Therefore^ with equal 
weights^ a balance vibrates the more slowly, the niore sensible it 
is, and therefore weighing by a sensible balance, is a slower pro- 
cess than with a less sensiUe one. On this aecount it is useful 
to furuish sensible balances with divided scales (as Z Fig. 85). 
In Order to judge of the indication of such a scale, let us put 
Z the additional weight = in the denominator of (he formula : 

. ZI 

^^''^' * - [2(P-fQ)4-Z] a-fG*' 
and write <^ instead of tang, <l>, we then get : 

. _ ZI 

^ '^ 2{P-i- Q)a'h Gs' 

If we then put Z for Z^, and ^ for 4>^, we get : 

Z l 

*i = 2 (P-f Q) fl + Gg " ^^^^^ * : <^i = Z : Zi ; or, for smaU 

differences of weight, the angle of deviation is proportional to that 
difference. Heuce, again <^ : 0, — ^ = Z : Z^ — Z; and therefore 

Z = — - — (Z, — Z). We can, therefore, find the difference of 

weights corresponding to a deviation 0, by trying by how much the 
deviation is increased, when the difference of weights is increased 
by a given small quantity, and then multiplying this increase 
(Zi — Z) by the ratio of the first deviation to the greater devia- 
tion obtained. 

Remark. Balances such as we have been considering, are used of aU dimensions, 
and of all degrees of delicacy and perfection. FSg. 84 is the usual form of this balance 
jised in trade, and Fig. 85 represents the balances used in asaaying, analysis, and in 
physical researches. Such balances as Fig. 85, are adapted to weigh not more than 

1 Ib. ; but they will tum with rx of a grain, or with of a pound. The finest 

balances that have been made, render part of the weight appredable, 

but such balances are only for extremely delicate work. Even large bduices may 

be constructed with a very high degree of sensibility. For minute details on this 

subject, the student is referred to Lardner's and Kater's Mechanics, in " Lardner's 
Cyclopaedia.'' 

§ 46. Unequal-armed balance». — The balance with unequal 
arms, termed statira, or Roman balance and steeUyard, presents 
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itself in three different forms^ viz. : steel-yard with moveable 
weight^ steel-yard with proportional weights^ and steel-yard with 
fixed weight. The steel-yard with running weight is a lever with 

unequal arms AB^ Fig. 87, 
on the shorter arm of whieh 
CAy a sealeis suspended, and 
li^iL^iiLLlj jifcy on the longer divided arm of 
Qg which there is a running 
weight, which can be brought 
into equilibrium with the 
body to be weighed Q. If 
/q be the leverage CO of the 
ninning weight G, when it ba- 
lances the empty scale, we have 
for the statical moment with 
which the empty scale acts X^:^Gl^ but if /„= the leverage 
CG, with which the running weight balances a certain weight Q, 
we have for its statical moment : Xn = G/« ; and hence, by sub- 
traction, the moment of the weight Q, = -X,» — X^^G (/« — l^ 
= G . OG. If again a = CA, the leverage of the weight, and 
if ft be the distance OG of the running weight from the point O, 
at which it balances the empty scale, we have Qa= Gb, and there- 

fore the weight Q = — Ä. Hence the weight Q of the body to 

be weighed is proportional to b the distance of the running weight 
firom the point O. 2 b corresponds to 2 Q, 3 6 to 3 Q, &c. 
And, therefore, the scale OB is to be divided into equal parte, 
starting from O. The unit of division is obtained by trying 
what weight Q« must be put on the scale to balance G, placed 
at the end B. Then Q» is the number of division, and therefore 

OB 

-jr- the scale or unit of division of OB. If, for example, the 

running weight is at B, when Q = 100 Ibs., then OB must be 
divided into 100 equal parts, and therefore the unit of the scale 

OB 
=: ,_^, If for another weight Q, the weight G has to be placed 

at a distance & = 80, to adjust the balance, then Q = 80 Ibs. ; 
and so on. 

In the steel-yard, Kg. 88, with proportional weights, the body 
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FIG. 88. to be weighed hangs od the 

shorter, and the Standard 

weights are put on the 

longer arm. The ratio 

CB b . ^. 

-j=-7 = - Ol the arms is 

CA a 

generally simple^ as V®, in 
which case the balance be- 
oomes a decimal balance. 
If the balance has been 
brought to adjustment or 
horizontality by a Standard 
weight, then for the weight 
Q of the body in the scale^ 

we Tiave Qa = Gb ; hence Q=-G, and therefore the weight of the 

merchandise is found by multiplying the smail weight G by a 
constant number^ forinstance, 10 in the decimal balance, or if the 

latter be assumed - times as heavy as it really is. 

riQ, 89. The steel-yard with fixed 

weight, Fig. 89, calied 
the Danish balance, has 
a moveable fulcrum C, 
(or it is moveable on its 
fulcrum) which can be 
placed at any point in the 
length of the lever, so as 
to balance the weights Q 
hung on one end, by the 
constant weight G, fixed 

Ät the other. 

The divisions in this case are unequal^ as will appear in the 

foUowing remark : 

Remark. In order to divide the Danish steel-yard, Fig. 91, draw throogh its 
oentre of gravity S, and its point for Suspension B two parallel lines, and set off on 
these from S and B equal divisions, and draw from the first point of division of the 
one, lines to the points of division I, II, III, IV of the other parallel straight line. 
These lines cut the axis BS of the beam in the points of division required. The 
point of intersection (1) of the line I, i, bisects SB, and by placing the fulcmm there. 
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FIG. 90. 




the weicht of the merebandise U equal to 
the total wdght of the tteel-jard, if it be 
horizontal, or in a State of eqnilibrium. The 
point of intenection (2) in the line I, II, it 
as far again from S as from ß ; and, there- 
fore, when this point ia tupported Q »> 2 (7, 
when equilibrium ia established simüarly, 
the point of division (3) in the line I, III, i» 
3 tiroes as fiur from 5 as from B ; and hence 
for Q 0» 3 G, the fiücmm must be moved 
to this point. It is also evident that bj sup- 
porting the points of division |, i, &c., the 
weight Q^ i G, -^ G, and so on, when the beam is in a State of equilibrium. We 
see from this, that the points of division lie nearer together for heavy weights, and 
further apart for light weights, and that, therefore, the sensibility of this baiance is 
very variable. 

§ 47. Weigh-bridges. — Compound balances consist of two, 
three, or more simple levers, and are chiefly used as toeighing- 
iabies or weigh-bridffts for carts^ waggons^ animals, &€. Being 
used for weighing great weights^ they are generally proportional 
balances. The Scale of the ordinary steel-yard^ is replaced here 
by ^kflooTy vhieh shonld be so supported^ and connected with the 
levers, that the receiving and removing of the body to be weighed 
may be as (x>nvemently done as possible^ and that the indication 
of the baiance may be independ^it of the position of the body on 
the floor. 

Pig. 91 represents a very good kind of weigh-bridge by Schwi)- 

rie. 91. 




gue in Strasbourg, {baiance ä bascule). This weigh-bridge con- 
sists of a two-armed lever ACB, of a simple single-armed lever 
A^C^B^, and of two fork-like single armed levers B^Si, DS^ &c. 
The fülcrum of these levers are C, Cj and DiD^. The bridge or floor 
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W is only partially shewn, and only one of the fork-formed levers 
is visible. The bridgc usually rests on four bolto K^^ K^ &€., 
but during the weighing of any body, it is supported on the foiir 
knife edges Sp Sj, Stc., attached to the fork-shaped lever». In 
Order to do this^ the support E of the balance AB is moveable 
up and down by means of a pinion and raek (not visible in 
the drawing). The business of weighing consists in raising the 
support EC, when the waggon has been brought on to the floor^ 
in adjusting the weight G id the scale^ and finally in Iowering the 
bridge on to its bearings /fp K^, &c. The usual proportions of 



the levers are : 



^A = 2 5d.. = 



CB 



qs, 



5, and the arms 



BS" 



10. If, 



therefore^ the empty balance has been adjusted, the force at B or 
^j = 2 G, the force at B, = 5 times the force in .4 = 10 G, and 
lastly^ the force in S = 10 times that in Bj = 100 G. And, there- 
fore, when equilibrium is established, the weight on the floor is 
100 times that laid on the scale at G, and this makes a centesimal 
Scale. 

Another form of weigh-bridge such as is constructed at Angers, 
is shewn in Fig. 92. The bridge fV of this balance, rests by 

pio. 92. 






means of four supports at B^, B^ &c., on the fork-shaped single- 
armed levers A^B^Ci, AJß^C^ of which the latter is connected 
with the Prolongation C^H of the former, by a lever BEF with 
equal arms. Until the bridge is to be used, it rests on beams S>, 
S, but when the load is brought on, the support LL of the balance 
AB is raised, (and with it the whole System of levers), by means 
of a pinion and rack-work, and then so much weight is laid in the 
scale at G, as is necessary to produce equilibrium. 

In whatever manner the weight Q is set upon the bridge Wy 
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the sum of the forces at jB^, B^ 8cc., is always equal to that 

weight. But the ratio J^ is equal to the ratio 7^=^ = fi 

of the leiigth of the anns, ajid the length of the arm DE = 
length of arm DF, as also CiH= C^A^. It is, therefore^ the 
same in effeet^ whether a part of the weight Q is taken up on B^ 
or dii-ectly on jB^ ; or the conditions of eqaiUhrium of the lever 
C^B^A^ are the same^ whether the whole weight Q act directly on 
B^, or only a part of it in fip and the rest in B^, and only trans- 
ferred hy the levers C^B^^ EDP and C^H to (\B^A^. If, 

further, ^ be the ratio of the arms ^Td ®f ^^^ upper balance, the 
force on the connecting rod BA^ = -7, G, and hence the weight 



on the floor supposed previously adjusted, 

Q 



18 : 



Q = i . ^ 



G. 



Grenerally ^ = ^ = V** hence, tj= == -*-^, and the balance is cen- 

tesimal. 

§ 48. Portable weiffh-bridge, — In factories and warehouses, 
vftrious forms and dimensions of weighing-tables, after the design 
of that of Quintenz, are used. This balance, which is represented 
in Pig. 93, consists of three levers ACD, EP and HK. On the 

Fio. 93. 



^^BBIHB^^BL- 




IH 


EIe^BHI0^>| 



first lever hang the scale 6, for the weights, and two rods DE 
and BH. The rod DE carries the lever tuming on the fixed point 
P, and the second rod BH carries the lever HK, the folcrum of 
which rests upon the lever EP. In order to provide a safe posi- 
tion for the two latter levers, they are made fork-shaped, and the 

VOL. I. 6 
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aices F and K on which they turn^ are formed by the two knife- 
edges. On the lever HK, the trapezoidal floor ML is placed to 
reeeive the loads to be weighed^ and it is provided with a back- 
board MN, which protects the more delicate parts of the balance 
from injury. Before and after the act of weighing^ the lever 
formed by the border of the floor rests on three points^ of whidi 
only one, JR, is visible in our section ; and the balance beam AD 
is supported by a lever-formed catch S, provided with a handle. 
When the merchandise is laid on the table^ the catch is put down, 
and weights are laid on at G, tili the balance AD is in adjustment. 
The catch is again raised, so that HK comes again to bear on the 
three points, and the merchandise can be removed without injury 
to the balance. The balance AD is known to be horizontal by an 
index Z, and the empty balance is adjusted by a small moveable 
weight Ty or by a special adjusting weight laid on the scale at G. 
In this, as in other weigh-hridges, it is necessary that its indi- 
eations be independent of the manner in which the goods are plaoed 
upon the table or floor. That this condition may be satisfied, it is 

EF 

necessary that the ratio ..^ of the arms of the lever EKF, be 

CD 

equal to the ratio 7^-^ of the arms of the balance beam AD, A 

part A" of the weight Q on the floor is transfeiTcd by the connect- 

ing rod BH to the balance beam AH, and acts on this with the 

statical moment, CB . X; another part F, goes through K to the 

K F 
lever EF, and acts at E with the force ^-^ . K But this force 

goes by mcans of the rod DE to 2> to act on the balance beam. 

The part Y, therefore, acts with the statical moment, CD . 

KF CD KF 

^-p . y, and at 5 with the force ^-g . ^-^ . Y on the balance 

beam AD, That the equilibrium of the balance beam may not depend 
on either X ox Falone, but on the sum of them Q=Jir+ F, it is 
requisite that F should act on the point B, exactly as if it were 
applied there directly, or that : 

CD KF ^ V • ^^ ^^ ^ .^. c C'D EF 
CB'EF'^^^''''''CB'EF^^^ therefore, ^ß^^fr 

If we denote the arms CA and CB by a and i, we have here 
as in the simple balance Ga = (X + 1') ä = Q ä, and, therefore. 
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the weight reqaired Q=ijG, for example^ = 10 O, if the length 

CB = is -fV of CA. Such a balance is tested by laying a certain 
weight on different parts of the floor^ particularly the ends^ 
to afloertain whether it everywhere eqniUbrates the weight G 

-jr tinies smaDer than itaelf^ placed od the scale. 

Metmark 1. Meavs. George, at Piris, inirnftcture weighin^-tiblet of a peculkr 
OQOBtraction described in fhe '' BolleCiii de It Sod^ d'Enoourigemeiit, April, 1844." 
This beltnce bis only one nupending rod BD^ Fig. 94, bat to pnmde against the 

rio. 94. 




floor FM turning, there are two knife-edge axes on the back, which are nnited with 
two paiT of knife-edges H and JT, by four parallel rods EH and FK, According to 
the theory of couples, the tension Q^ on the rod BD is equal to a weight Q laid on 
ihe floof ; bat b^des this, the floor itaelf acts oatwards with a force P in E, and 
with an oppodte force — Pin F inwards. lidht the distance DL of the weight Q 
firom the rod BZ>, and e the distance of the knife edges E and /*, then e P = d Q, 

and, therefore, each horizontal force P « - Q. These forces do not influence 



e 



the lerer, and therefore the weight Q ^ -- O, if, u hitherto a and b denote the 



lerer arms CA and CB, aod G the weight in the scale. 

Bemerk 2. Weigh-bridges are treated of in detail in the " Allgemeinen Maschinen 
Encydopadie, Bd. 2, Art Brückenwaagen," ander the art. " Weighing Machine, in 
the Encydo. Britannica Edinensis." 

§ 49. Ifide:^ balances, or bent lever hcdances. — The bent lever 
balance is an unequal-armed lever ACBy Fig. 95, which shews the 
weight Q of a body hung on to it at B, by an index CA moving 
over a scale DE, the weight G of the index head being constant. 
To determine the theory of this balance, let us first take the simple 
case, in which the axis of the pointer passes through the point of 

6* 
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Suspension B of the scale^ Fig. 96. When the empty balance is 
in equilibrium^ i. e, its centre of gravity Sq vertically under the centre 



KI6. 95. 
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of motion C, let the index stand in the position CD^^ and let the point 
of Suspension be in B^, If now we add a weight Q, then B^ comes 
to B, and Dq to 2>, and Sq to S, and thus the weight Q acts with 
the leverage CK, and the weight G of the empty balance^ with 
the leverage CH. Therefore, for the new state of equilibrium 
Q .CK=G .CH. If now DqN falls perpendicularly on CD, we 
have CDqN and SCH, two similar triangles^ and, therefore, 

^s-^= j^ , and as besides, the triangles DqPN and CBK are 



CS" CDo' 



similar, we have also ^r^ = n^* ^^ hence 



CB 



D,P 



^=G 



CB 

CS 



D,P> 



D,N 



CD^ 



i. e. Q = 



CS DJPC 
CB' cd'' 



or, if: 



CS=a, CB=b, CD^=^CD=d, and 2>oP=^, Q = ^ . J^There- 

fore the weight Q increases with the portion DqP = x, cut off by 
the index from the vertical DqL, and therefore D^L may be divided 
as a Scale of equal parts. If a point P on the scale has been found 
for a known weight put on the balance, other points of division 
are got by dividing DqP into equal parts. If the index centre 
line of the CDq does not pass through the point of Suspension, but 
has another direction CS^y the scale of equal parts corresponding 
to it, is found, if we place the right-angled triangle CD^L as 
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CE^ or CE^ and l&stly, in order to get the circular scale E^Ry 
we have to draw radii from the centre C through the pointa of 
diidaion of the line E^M to the periphery of the circle paased over 
by the point of the index. 

Remark, There are other index balanoes deicribed in Lardner'i and Kater^i 
Mechimici. Such balanoes are chiefly used for weigliing leiten and paper, thread, 
and racfa üke mannfiictTires, where lamples have frequenüy to be weighed. 

§ 50. Spring-baUmces or dynatnometers. — Spring balancea are 
made of hardened steel springa^ upon which the weighta or forcea 
acty and are fumished with pointers, indicating on a acale the 
force applied in deflecting the spring. The Springs must be per- 
fectly tempered, or they must resame their original form on 
removal of the force applied. Thus spring-balances shonld never 
be atrained beyond a certain point proportional to their strength ; 
for if we surpass the limits of their elasticity in any application of 
them, they are afterwards uselesa as accurate measures of weight. 
The Springs applied for such balances are of many different forms. 
Sometimes they are wound spirally on cyUnders, and enclosed in a 
cylindrical case, so as to indicate the forcea applied in the direc- 
tion of the axes of the cylinder by the compression or extension 
FIG. 97. of ^^ Spiral. In other balances the spring 
forms an open ring ABDEC, Fig. 97, and 
the index is attached by a hinge to the end C, 
and passed through an opening in the end A, If 
the ring B be held fast, and a force P applied at 
E, the ends A and C separate in the direction of 
the force applied, and the index CZ rises to a 
certain position on the scale fastened at D to the 
spring. If the scale has been previously divided 
by the application of Standard weights, the mag- 
nitude of any force P applied, though previously 
unknown, is indicated by the pointer. 
Rg. 98 is a representation of Regnier's dynamometer. ABCD 
is a steel spring forming a closed ring, which may either be drawn 
out by forces P and P, or pressed together by OB and D; 
DEGH is a sector connected with the spring, on which there are 
two scales ; MG is a double index turning on a centre at M, and 
EOF is a bent lever, turning on O, and which is acted upon by a 
rod BEj when the parts B and D of the spring approach cach 
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other in consequence 
of the applicafdon of 
weights or other forces 
as above mentioned. 
Thai the index may 
reraun vh^re the force 
has put ity fv BHR 
convenient reading, a 
friction leather is pnt 
on the under side. 

The most perfect, 
and most eaaily applied 
dynamometer for meehanical purposes, is that described by Morin, 
in his Treatise^ '' Deseription des Appareils chronom^triques k 
style^ et des Appareils dynamom^triques, Metz^ 1838/' and used 

by him in his variou^ re- 
searches on fnction and 
other important meehanical 
enqtdries. Morin's dynamo- 
meter consists of two equal 
steel Springs AB and CD, 
Fig. 99, of from 10 to 20 
inches in length, and the 
force applied is measured by 
the Separation which it pro- 
duces between the two 
spring plates at M. In Or- 
der to determine the force, 
for example, the force of 
traction of horses on a car- 
riage, the spring plate Nia 
connected by a holt with the 
carriage, and the horses are 
attached to the chain M in 
any convenient manner. There is a pointer on M which indicates 
on a scale attached to N, the Separation of the plates produced by 
the force P applied. If the Springs be plates of nniform breadth 
and thickness, and be / = the length, b = the breadth, and h 
= the thickness ; according to vol. i. § 190, we have for the 
deflexion corresponding to a force P: 
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pp pp 

^ ^ '^ W~E ~ ^ Ebh^ * ^' ^^ deflexion increases as the force 
applied^ and^ therefore^ a scale of equal parts should answer in 
this dynamometer. 

Ab the deflexion s of two Springs is called into action, the 

amount is doable of that of one of them^ or it is = ^ Errräi a^d, 

therefore^ generally s = ^-^ P, if ^ be a number determined by 

direct experiment. If before application of such an instniment a 
known weight or force be put upon it, and the deflexion 8 ascer- 
tained, the ratio between force and deflexion may be calculatcd^ 
and a scale prepared. It has been proved by experience that when 
the best steel is used^ the deflexion may amount to -^V the length^ 
without surpassing the limits for which proportionality between 
foree and deflexion subsists. The Springs that have been employed 
by Mohn and others^ are made into the form of beams of equal 
resisiance throughout their length (vol. i. § 204)^ and have^ there- 
fore^ a parabolic form^ or thicker in the centre than at the 
ends. 

Remark. Forces do not generally act uniformly, but are continnally changing, and 
therefore the asual object is to ascertain the mean effort, The usual index dynamo- 
meten, only give the force as it has acted at some particular instant, or only the 
nuixinmm effbrt. There is, therefore, extreme nncertainty in the indication of sach 
djrDamometers, modified as they have been by McNeill and others, when applied to 
measuring the effbrt of horses applied to ploughing, canal traction, &c. Morin has 
€»napletely provided against this defect, by attaching to his dynamometer, a self- 
registering apparatns, first soggested by Poncelet, (see Morin's work above quoted, 
by which in one case, the force for eacfa point of a distance passed over is registered 
in the form of a curved line, drawn on paper, and in the other case, the force as 
applied at each instant is summed up or integrated by a machine. Both apparatoses 
give the product of the foroe into the distance described, and, therefore, the mean 
egßort may be produced when the meeJumieal tiffeet is divided by distance passed over 
— ^by a canal boat, for example. 

In the dynamometer with pencil and continuons scroti of paper, the measure of 
the force is marked by a pencil passing through Af, tiU its point touches a scroll of 
paper passing nnder it. This scroll is wonnd from the roller E, (Fig. 99), to the 
roDer F^ which is set in motion by bands or whed-work, by the wheels of the 
carriage itself. When no force acta on the Springs, the pencil would mark a straight 
line on the paper, supposing it set in motion ; but by application of a force P, the 
sjnings are deflected, and therefore a line more or less tortuous is drawn by the 
pencil at a Tariable distance from the above alluded to zero Une, bat on the whole 
parallel to it. The area of the space between the two lines is the measure of the 
mechanical effect developed by the force ; for the basis of it, is a line proportional to 
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the disttiice patsed OTer, aad the height is itadf proportional to the foroe that faas 
acted to bend the ipring. 

§ 51. Erietion brake. — The dynamometrical brake (Fr. ß-ein 
dynamomitrique de M. Prony), is used to measure the power 
applied to, and mechanieal effect produced by a revolving shait, 
or other revolving part of a machine. In its simplest fonn, this 

inatrument consists of a 

«ö- 100. y^^ ^^^ ^^ jQQ^ 

with a balance scale 
AG; and of two wooden 
Segments D and EF, 
which can be tightened 
on the revolving axis C, 
by means of screw-bolts 
EH uni FK, To measure, by means of this arrangement, the 
power of the axis C for a given number of revolutions, weigbts 
are laid in the scale, and the screw-bolts drawn up until the shaft 
makes the given nnmber of revolutions, and the beam maintains 
a horizontal position, without support or check from the blocks 
L or A. In these circumstances the whole mechanieal effect 
expended is consnmed in overcoming the friction between the shaft 
and the wooden segments, and this mechanieal effect is equal to 
the work or useful effect of the revolving shaft. As, again, the 
beam hangs freely, it is only the friction F acting in the direction 
of the revolution that counterbalances the weight at G, and this 
friction may be deduced bom the weights. If we put the lever 
CM of the weight G referred to the axis of the shaft = a, the 
statical moment of the weight, and therefore also the moment of 
the friction, or the friction itself acting with the lever equal to 
unity = Ga, then, if c represent the angular velocity of the 
shaft, the mechanieal effect produced Zr = Pr = 6<i.e = caG 

per second. ^V* --Fr T" ^T /T- '' '^ "^ ' ^ "" 

If, again, u = the number of revolutions of the shaft per 

minute, then e = - vwv = öTjr wid,. therefore, the work required 

^ = -80-^- 

The weight G must of course include, not only the weight in 
the scales, but the weight of the apparatus reduced to the point 
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of Suspension. To do this^ the apparatus is placed üpon a knife- 

edge at D, and a cord from A attached to a balance would give 

the weight reqnired. 

The firiction brake as repreaented in Fig. 101^ with a cast iron 
Fio. 101. firiction ring DBF is a convenient 

orm of this instroment. This ring is 
fkstened by three pairs of screws on 
any sized shaft that will pass tbrough 
the ring. For the wooden Seg- 
ment an iron band is substituted^ 
embracing half the circumference of 
the iron ring. The band ends in two 

bolts passing tbrough the beam AB, and may be tightened at will 

by means of screw nuts at H and K. 

To hinder the firing of the wood, or excessive heating of the 

iroB^ water is continually supplied tbrough a small hole L. This 

apparatus is known in Germany as '^ Egen's frietion brake.^' 

Exanq>le, To determine the mechanical effect produced by a water-wheel, a fric- 
tion brake waa placed on the shaft, and when the water let on had been perfectly 
regolated for six revolutions per minate, the weight G including the redaced weight 
of the instmment was 530 Ibs., the leverage of this weight was a» 10,5 feet. From 
theae quantities we deduce the effect given off by the water-wheel to have been : 

lliM . 530 = 3497 ft. Ibs. = 6,3 horse power. 




FIG. 102. 



30 

§ 52. In more recent cases^ various forms of firiction brake have 
been adopted^ some of them very complicated. The simplest we 

know of is that of Arm- 
strongs shewn in Fig. 102. 
This consists of an iron 
ringy which is tightened 
round the shaft by a screw 
at B, and of a lever ADE 
with a Scale for weight G 
on one side^ and a fork- 
shaped piece at the other, which fits into snuggs projecting fi-om 
the ring. There is a Prolongation of one prong of the fork, by 
which the weight of the instrument itself can be counterbalanced, 
and which is otherwise convenient in the application of the 
Instrument. 

Navier proposed a mode of determining the efiTect given off at 
the circumference of a shaft by laying an iron band round the 
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shsft, attaching the one end of tliis to a spring balance^ the other 
end being weighted^ so that the friction on the wheel esTuea aiesia- 
tance, in overcoming which only the reqnired nmnber of revolutions 
take place. The difference of this weight Q and that indicated by 
the apiing balance P, is of course = the friction F between the 
shaft and the band. If then p be the circumference of the shaft, 
and n the number of revolutions per minute^ the effect produeed 

^ ^ 60 60 ^^ ^' 

When a spring balance cannot be obtained^ a simple band as 
shewn in Fig. 103, is snflScient for the purpose, if the experiment 

be made twice, and the 
end B be fastened to an 
upright or other fixture, 
first on the one side and 
then on the other of the 
shaft. In this way one 
experiment gives us Q 
= P + F, and in the 
other Q, = iJ/iT)ecau8e 
in the one case, the fric- 
tion F acting in the 
direction of the revolu- 
tion of the shaft, counteracts the weight hanging in the scale on 
the end A, and in the other it acts with this friction. For this 
arrangement, used by the author in many experiments, the mode 
of calculation already cxplained, applies precisely. As the power 
has only a small leverage in this arrangement, it is only suitable 
for cases in which the effort exerted is small. The strain on the 
band may be multiplied by means of an unequal-armed lever 
attached at A instead of the direct application of the weight in the 
scale. The author has successfully applied a leverage of 10 to 1 
in this way. In order to avwi the objectionable increase of fric- 
tion of the axle or gudgeons induced by this apparatus, the band 
may be made to pass round the shaft, carrying the one end 
upwards and the other down. 

Remark. Egen treats of the different forma of dynamometers in his work, entitled 
" Untersuchungen über den Effect einiger Wasserwerke, &c./' and Hülsse in artide 
Bremsdynamometer in the " Allgemeinen Maschinenencyclopädie." James White 
of Manchester invented the friction brake in 1808. See Hachette ** Trait^ elemen- 
taire des machines, p. 460." Prony's original paper is in the ** Annalea des Mines. 
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1826. There are remailu oo ita um in the initingt of Poneelet and Morin worihy 
attention. W. G. Amutrong's paper is in the " Medianic'i Magazine, yoL xxxii, 
p, 531. Weisbach's papen on the friction band in the '^ Polytechnishes Central 
Blatt," 1844. 



CHAFTEE IL 

OF ANIMAL POWER^ AND IT8 BECIPIBNT MACHINES. 

§ 53. The power ofanimals, — ^The working power of animals is 
of conrse not only different for individuals of different species, but 
for animals of the same species. The work done by animals of the 
same species depends on their race, age^ temper and management^ 
as well as on the food they get, and their keeping generally^ and 
also on the nature of the work to which they are applied^ or the 
manner of patting them to their work^ &c. We cannot discuss 
these different points here^ but for each kind of animal employed by 
man, we shall assume as fair an average speeimen as possible, — 
that the animal is judiciously applied to work it has been used to 
perform, and that its food is suitable. But the working capabi« 
lities of animals depends also on the effort they exert, and on 
their speed, and on the time dunng which they continue to work. 
There is a certain mean effbrt, speed and length of ehift for 
which the work done is a maxlmum. The greater the effort an 
animal has to exert, the less the velocity with which it can move 
and viee versd. And there is a maximum effort when the speed is 
reduced to nothing, and when, therefore, the work done is 
nothing. It is evident, therefore, that animal powers should 
work with only a certain velocity, exerting a certain mean effort, 
in Order to get the maximum effect ; and it also appears that a 
certain mean length of shift or of day's work is necessary to the 
same end. Small deviations from the circumstances correspond- 
ing to the maximum effect produced, are proved by long expe- 
rience to be of little consequence. It is also a matter of fact that 
animals produce a greater effect, when they work with variable 
efforts and velocities, than when these are constant for the day. 
Also pauses in the work, for breathing times, makes the accom- 
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pliBhment of the same amount of work \e»B/aiiffuinff, or the more 
the work actually done in a unit of time differs from the mean 
amount of work^ the less is the fatigue. 

The main point to be attended to in respect to animal powers^ is 
the ^^ day's work" If this be compared with the daily oost of 
maintaining the animals, and interest on capital invested, we have 
a mea8ure of the value of different animal powers. 

§ 54. The manner and means of employing the power of men 
and animala is very different. Animal powers produce their effects 
either with or withoat the intervention of machines. For the 
different means of employing labour^ the degree of fatigue induced 
is not proportional to the work done. Many Operations fatigae 
more than others^ or what amounts to the same thing^ the mecha- 
nical effect produced is much smaller in some modes of applying 
labour than in others. Again^ all labour cannot be measured by 
the same Standard^ as is invoked in our definition of mechanieal 
effect. The work done in the transport of burthens on a hori- 
zontal road cannot be referred to the same Standard as the raising 
of a weight is referred to. According to the notions we have 
acquired hitherto^ the mechanieal effect produced in the transport 
of burthens on a horizontal road is nothing^ because there is no 
Space described in the direction of the force (vol. i. § 80) ezerted, 
that is^ at right angles to the road ; whilst in drawing or liftingup 
a weight, the work done or mechanieal effect produced, is deter- 
mined by the product of the weight into the distance through 
which it has been raised. It is true, that Walking or carrying 
fatigues as much as lifting does, i. e. the " day's work'^ is con- 
sumed by the one as by the other kind of labour ; and, therefore, a 
certain day's work is attributable to the one as there is to the 
other, although they are essentially different in their nature. 
According to experience, a man can walk, unburthened, for ten 
hours a day at 4| feet per second (something under 3^ miles per 
hour). If we assume bis weight at 140 Ibs. we get as the day's 
labour 140 . 4,75 . 10 . 60 . 60 = 28,940000 ft. Ibs. 

If a man carry a load of 85 ^ Ibs. on bis Shoulders, he can walk 
for 7 hours dail jr with a speed of 2,4 feet per second, and, there- 
fore, produces daily the quantity of work = 85,5 . 2,4 . 7 . 60 . 60 
= 5',171000 ft. Ibs., neglecting bis oivn weight. 

A horse will carry 256 Ibs. for 10 hours daily, Walking 3i feet 
per second, so that its da/s work amounts to 256 . 3,5 . 10 . 60 . 
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ÖO = 82^256000 ft. Ibs., or more than 6 times as much as a man 

doing the same kind of work. If the horse carried only 171 Ibs. 

on bis back, he will trot at 7 feet per second for 7 bours daily, 

and the work done in this caae is only 171 . 7 . 7 . 60 . 60 

= 30'164400 ft. Ibs. daily. 

The amounts of work done in raising burthens is much smaller, 

for in this case mechanical effect, according to our definition, is 

produced, or the space is described in the direction of the effbrt 

exerted, 

If a man unburthened, ascend a flight of steps, then for a day's 

work of 8 honrs, the velodty measnred in the vertical direction is 

0^48 feet per second, therefore, the amount of work done daily 

= 140 . 0,48 . 8 . 60 . 60 = 1'985000 ft. Ibs. It thus appears 

that a man can go over 12^ times the space horizontally that he 

can vertically. 

FIG. 104 ^^ constructing a reservoir dam, the author 

observed that 4 practised men, ndsed a dolly, 

Fig. 104, weighing 120 Ibs. 4 feet high 34 times 

per minute, and after a speü of 260 seconds, 

rested 260 seconds, so that, on the whole, there 

were only 5 hours work in the day. From this it 

120 
appears that the day's work of a man = -^ . 4 . 34 . 5 . 60 

= 1'224000 ft. Ibs. 

Rtmark 1. In the ^ Ingenieur" there ia detailed infbrmttion on the work done by 
ammal power. In the seqnel» the effect produced by animals by «id of machines ia 
gi^en for each machine respectirely. 

Remark 2. The effect produced by men and animals are Ux finom being accurately 
aaoertained. The effect produced by men working nnder diaadvantageous drcum- 
Btancea, or by nnpractiaed labourers, is not one half of that produced by well trained 
handa. Coulomb, in hia *' Theorie des Machines simples/' first entered on iuTesti- 
gationa of the effect of animal powers. DesagnOiers, {** Cours de Physique ezp^i- 
mentale/') and Schulze, ('' Abhandlungen der Berliner Akademie''), had pre- 
▼ioualy occupied themselTCS with the subject. Many experiments have been made 
and reoorded in more recent times. See Hachette, Trait4 ^^mentaire, &c/' Morin, 
" Aide M^oire/' Mr. Field in the " Transactions of the Institution of CiTÜ Engi- 
neen, London/' Sim's << Practical Tunnelling/' and Gerstner's ** Mechanik," 
Bandl. 

§ 55. Formulas. — ^Effort and velocity have a very close depen- 
dence in the application of animal power ; but the law of their 
dependence is by no means known, and is still less dedncible a 
priori. The following empirical formulas given by Euler and 
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Bouguer are only to be conBidered as approximations. If K^he the 
maximum effort which an animal can exert without vdocity, and 
C| the greatest velocity it can give itself when unimpeded by the 
necessity of extraneous effort^ we have for any other velocity and 
effort: 

according to Bouguer : P = /^l w; — J Ä^, 
Euler: P=(l-^,)jif„ 

Euler: P = (l-^yjir,. 

The first of these is the most simple^ and that which^ according to 
Gerstner^ corresponds best with Observation. According to 
Schulzens observations, on the other hand^ the last formula 
appears to be most consistent with experiment. If we draw v as 
abscissa, and P as ordinates to a curve^ the first formula corres- 
ponds to a straight line AB, Fig. 105, the second with a concave 
parabolic curve AP^B, and the third with a 
convex parabolic curve AP^B, and the or- 
dinates itfPj of the straight Une always lie 
between the ordinates MP^ and MP^ of the 
two parabolic curves. The abscissa OM, for 
example, = r = ^ C| corresponds to the or- 
dinates MPi = i Ä' = i OA, also ilfPj, 
=ziK=lOA, and MP^ = i K =^ i OA. The formula of 
Bouguer, therefore, gives values of the effort which lie between 
the values given by the two formulas of Euler, and we may, there- 
fore, make use of Bouguer's formula untU some special reason for 
adopting Euler's formula be adduced. If we introduce into Bou- 
guer's formula, instead of the maximimi values K^ and C|, the 
halves of these, or their mean values K = i K^, and c = ^ C|, we 
get a formula first applied by Grerstner : 

and inversely, t? = ( 2 — -j^j c, Although this formula can be but 

little depended upon as accurate for extreme values of v and P, 
yet it may be presumed, that for values not very different firom the 
mean, they are sufficiently near for practical uses. The mecha- 
nical effect produced per second would follow from this : 
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Pv=(2 — ^vK. As {2 — ^vK={2c—v)vj, 

the mechanical effect is a maximum^ as in vol. i. § 886, when 
r=c, or when P=K, or when the velocity and efiFort are mean 
values, «. e. Pv = Kc. K we try to get a greater or less velocity, 
or a greater or less effort, we get an eflfect L = Pv less than Kc. 
If we set off the vclocities as abscisses, and the amoonts of mecha- 
nical effect produced as ordinates, we get as the projected curve a 
FIG. 106. parabola ADB, Fig. 106, and it is evident that 

not only for abscissa AM < AC, bat also for 
AM^ > AC, the ordinates MP, M^P^, are less 

than for the abscissa AC^c. For t; = ^, as 

also for r = i- c, it follows from the above that 
L=lKc=l CD. 

According to Gerstner, the following table represents the 
draught of animals applied properly to draw by traces. 








Mean ef- 


Mean speed 


Mean period 


Effect pro« 


feet Ibs. 


Animals. 


Wcight. 


fort K in 


c in feet per 


ofday'swork 


duced p. sec. 






Ibs. 


second. 


Hours. 


in ft. Ibs. 


Man . 


150 


30 


2,5 


8 


75 


2*160000 


Horse . 


600 


120 


4 


8 


480 


13*824000 


Ox . . 


600 


120 


2,5 


8 


300 


8'640000 


Aas . . 


360 


72 


2,5 


8 


180 


5'184000 


Mule . 


500 


100 


3,5 


8 


350 


10*080000 



Exan^le 1. According to the aboye table, a man working with an effort of 30 Ibs., 
and mean velocity of 2§ feet per seoond, produces in a day an amonnt of mecfaanical 
effect represented by 2*160000 ft. Ibs. If he be nrged to work at 3 ft. per second, 

the effort will be reduced to /*» f 2 ~.iL| 30 « 24 Ibs., and his daily effect woold 

only be 24 . 3 . 8 . 60 . 60 » 2*073600 ft. Ibs. 
Exan^le 2. If a horse be obliged to draw with an effort of 150 Ibs., it cas only 

be done with a yelocity v » ( 2 — -^ j 4 » 3 ft. per second, and thus his effective 

work is reduced to only 3 . 150 =» 450 ft. Ibs. per second. 

Remari. Fourier, in the " Annales des Ponts et Chauss^s, 1836," gives a com- 
plicated formnla for the effect produced by horses. See also Crelle's ** Journal der 
Baukunst, Band xiL 1838/' 

§ 56. JVork done by aid ofmachines. — If we follow Gerstner's 
notion, that the period or time of each shift or day's work, has 
the sune influence on the amount of work done as the velocity, 
we must then put for the effort : 
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and from this we get the daily effect produced : 

There can be no doubt that the effect produced is a maximani^ 
that is = Kci, when the animal is made to work, not only with 
a mean velocity and effort, but also when the time of work is kept 
within the mean for this. It is to be kept in mind^ however, that 
this formula only applies when the values of », z and P do not 
differ widely from c, t and K, 

M. Maschek^ of Prague^ recommends the expression : 



P = (3_i_i)^, 



which is certainly more convenient for calculation.* 

Eight to ten hours per day is a good average day's work, and 

therefore the factor (2 -r-j may generally be neglected, or the 

day^s effect may be written i = / 2 j Kv z. If, however, 

an animal be applied to a machine, its effort P would be divided 
into an effort P^ for doing the work, and an effort P, for oyer- 
coming prejudicial resistances, or P = P^ + P^ both resistanoes 
being reduced to the point of application of the effort. It is also 
usual, as we shall leam in the seqad, to find the prejudicial resis- 
tances P, composed of a constant part R, independent of the 
strain on the machine, and a part ^ . P|, proportional, or nearly 
so, to the useful effect produced or work done, where S is 
co-efficient derived from experiment, thus Pg = Ä + ^ . Pj, and, 
therefore, 

P = (l +«)Pi + Ä, andagain ^2 — -^W= (1 + ^) P^' + Ä. 
The total effect produced per second, is, therefore, 

Pv = (2 — -^) Kv = (1 + a) Pir+Är. 
and, therefore, the useful effect produced : 

* Neue Theorie der menschlichen und thierischen Kräfte, &c,, Yon F. J, Maacbek, 
Prag. 
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'^'^ r+i = 1\^-k) *-*' J ** • imrc- 

That thi» effect may be the greatest posaible (see previous para- 

graph), we must have » = i ^2 — -^ c^ (l — -^^ c, or the 

velocity less than the mean velocity ; and so much the less, the 
greater the constant part of the prejudicial resistance is. The 
eflbrt correspcHiding would be, according to this : T r ^i ^ J ^J ^-^ 

or greater than the mean effort. The useful reÜBtance, on the 



R ^^/-- Kl'.-. -- '^ (' 






other band, is Pj = ._ ^. The total effect produeed is : 

Pi7 = I 1 — ( 2^/ I -^ ^' *°^ ^^^ useful effect produeed is ; 

(R V Kc 
1 — 2TC/ 1 1 ;j > ^^^ *^® eflSciency of the machine : 

•j-f/jl + i ■ 

Exan^k, If in a machine torned by two hones, the eonttant prejadicial resit- 
tance reduced io the point of application of the horees' effort » 60 Ibs., the velocity 
at which the horses riiould work when JT » 2 . 120 » 240 Ibs., and c » 4 feet, is 

rednced to 9 » ( 1 — -^) c « i . 4 » 3,5 feet. Further, the effort of the horaes 
\ 480/ 

:= 240 + ~ = 270 Ibs., and therefore that of one horse - 135 Ibs. If now the 

la ii t it 'part of prejudicial resiatance be 15 per cent of the uaelul resistance, then 

240—30 
^ » 0,15, aad, therefore, the reaiatance to be put on the machine P, — — \\^ 

« 182,5 Ibe., and the efficiency of the machine would be q » (|)S : 1,15 « 0,67. 

Semeri, Gentner reducet the calculaiion of the effect of animal power to motion 
on an indined phme. If C? be the weight of the animal, P the effort exerted, and 
a the ang^e of incHnation of the incUned plane, upon which the moving power 
ascends with ita load, then the effort is P+ (r «m. o, (see theory of inclined plane, 

¥oL I. $ 134), and hence (2 — -) jr«=P+ G 9m. a. Hence, we have the load with 
which an ^M^irnft i can asoend an inclined plane, and, conversely, the inclination corres- 

(2-^) AT-/' 
poodingto a given load; viz.tm.aB: ^^ , thus when P = 0, and r - c, 

VOL. II. 7 
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rio. 106. 



or when the animal ha» no resisUnce to overcome, and gocs with thc mctn vdocity 

9im,a^^, But, the weight of an animal U almoit always five tiroes as gremt as 

the mcan ctfort it can cxcrt, therefore tin,a^^ and a » lli* i» the angle <rf indi- 
nation of a pbme which an animal can ascend with the mean amoont of exertion and 
fatigue. Thi» corresponds to a ri»e of one foot in five fect, or nearly so. 

§ 57. The lever. — Animal powere are applied to work by means 
of the lever or the wheel and axle. The latter are either hori- 

sontal or vertical. Wc shall first 
speak of the lever as a machine for 
receiving (and transmitting) animal 
power. The general theory of this 
machine is known firom vol. i. 
§ 126, 127, and 170. The lever 
is either single as ACB, Fig. 106, 
or, double as ACBA^, Fig. 107 ; the 
one has only one arm for the application of the power CA, whilst 
the other has two arms CA and CA^. The lever produces an 

FIG. 107. 



^ 




oscillating circular motion, and is therefore chiefly applied, when 
a reciprocating up and doum motion is desired, as in pumping. 
Handies, suited to the number of hands to be applied, are affixed 
to the lever. As the strength can be better exerted in puUing 
downwards than in lif ting upwards, it is usual to make the down- 
stroke the working-stroke, and counter-balances are attached so as 
to aid the workmen in the up-stroke, or the double lever is used, 
on which the workers altemately pull downwards. When the 
down-stroke is the effective stroke, ropes, hanging from the end 
of the lever, are frequently substituted for handles. Levere are 
sometimes moved by the tread of the feet. 

That thcre may not be too great a change of direction during a 
stroke, the lever's motion is confined to an are of not more than 
60^, and in order to facilitate the exertions of the power, the 
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Space pasaed through at each stroke is kq>t proportional to the 
length of arm of the workers^ or at firom 2^ to 8^ feet. AgaiD^ 
the handles sliould not come within firom 3 to 3^ feet from the 
floor. According to experience^ men work 8 honrs per day, exert- 
ing an eflFort of A = 10,7 Ibs. on the end of a lever, with a velodty 
c=3^5 feet. Therefore, the mechanical effect produeed by a man 
applied to a lever, aa in pomping, ia per aecond : L = 10,7 . 8,5 
= 37,45 ft. Iba., and therefore the daifs work 

= Ket = 37,45 . 8 . 8600 = 1^0785«) fl. Iba. 
In putting up a lever, it ia neoeaaary to take care that the 
workraen shall be applied ao aa to exert the aaoertained mean effort 
with the mean velocity ; or rather, lliat the effective effort ahall 
exceed the mean effort by only one half of the eonstant prejudi- 
cial reaistance. 

The lever itaelf is subject to only one prejüidiclal reaiatance, viz. 
the friction at the fiilcrum. If /Z be the preaaure on the fulcrum 
arifling firom the weight of the lever and from the effort and reaia- 
tance, r the radina of the fdlcram,/the co-effieient of friction, and 
a the leverage of the power, then the axle firietion reduced to the 

point of application of the power F ^— R; ab, however, f, and 

also - are generally amall fractiona, F ia ao small that it may be 

neglected in moat caaea, compared with the other reaistancea. 

If we auppose a uaeful reaiatance Q and a prejudicial reaiatance 
l Q'\'W acting at the point jB, and if we put Äe leverage CB of 
these reaiatancea = 6, the moment of the effort becomes : 
Pa = [(1 + ^) Q + FTl *, and, therefore, the effort itaelf : 

p=_ [(1^- 5) Q + fT], But, that the power of men may be 

b W 
moat advantageoualy applied : P = ff -f - . -g- » ^^^^^ there- 

a W 

fore, j^Ä'={l-f^ Q+-Ö"* "^^» therefore, the ratio of the 

b A 

lever arma ^ = '—^ — is to be employed. 

Remark, The arma of the lever are variable to a certain extent during the stroke, 
and therefore it may be well to determine the amount of this Variation. 

If the arm CB, Fig. 108, be horizontal at the ha^-ttroke, and if the angle B^CB, 

7* 
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pttued throngh in a ttroke - ß>, the hdgfat through which the resUtance u o^er- 
Fio. 108. come «»"^A * 2 * «». g» "»^ *hcre- 

fore the mechaiiicil effect prodnoed or 
expended in one itroke »26 im. 

^ . Q. If , however, tlie resistanoe were 
2 

conttant doiing the ttroke at a lerera^ 
CB » b, the spaoe passed over at each 
ttroke would be » arc B| £^ » ß «, 
and therefbre the retittanoe woold be 

p— Q g— .Q.»dthe 

ttatical moment — ^^^ Q &. Convenely, we may attome that the retittance 

Q actt during a ttroke on the mean length of arm ^^»»»tP For j9" — 60* thit 

P 

lever — — - . — -—— - 0,965 *, or not quite 5 per ccnt lett than *, and fiw 

«rc. 60» 1,0472 i t— 

tmaller arci of otdllation, the diflierenoe it ttill mach lett. 

Bxan^le, What proportion of armt thould be choten for a lever, that for a ntdiii 
retittanoe of 160 Ibt. and a pr^ndidal retittanoe Q « 0,15 Q + 55 « 0,15 . 160+55 
•" 79 Ibt., fonr men may work to the bett advantage ? JT » 4 . 10,7 « 42,8 Ibt., 

therefore | , ^'^^ ' ^^<^^^ ^ ^^ « ^ , 4,9. If the retittanoe pattct thnmgh 

1 foot for each ttroke, the power mutt at the tame tüne patt throngh 4,9 feet, and 
if we take the angle of otdllation ß « 50», we get for the tuitable length of lefer 

^ *- * A « -T-^4r- »1|1B3 feet, and the length of arm a«4,9 . » » 49 . 1,183 
2 «f». e «»• 25» 
2 

« 5,80 ft. The ^art neoettary it P = ^^^^ ^^ - 48,78 Ibt., therefi»«, the cffbirt 

of eadi man » 12,195 Ibt., and the efBdency 

'^ " (^ " 2 . 4,9' 42,8 )' ° ^^=nl^' ° ^>^^^- Wetee,thei«fore,thatfoor 

1,15 
men capable of a day't work each - 1'075860 ft Ibt., or 4'303440 ft Ibt. in au, 
wotddonly prodnce 0,657 . 4'303440 » 2'800000 feet Ibt. «1^ ^eet with tfait 
machine. 

§ 58. fFindlass. — ^The best means of applying the power of 
men, is the windlass, (Fr. treuil, tour; Ger. Haspel). This 
machine consists of a horizontal axle, at the circumference of which 
the resistance acts, and of a crank handle or winch, Fig. 109, or 
series of handles on a wheel, Fig. 110, or of fixed or moveable 
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FIG. 109. leven (hand-apikes), Fig. 110. With 

the winch, the labouren have a oonti- 
nnoas hold throughoat the revolution« 
whilst with the wheel or hand-spike^ 
the action is hand over hand^ or other- 
wiae at short intervalB. The winch ia 
the form uaed for general purposea. 
_ The wheel ia applied principally in 

working the tiller on board-ship^ and the moveable levera are 
chiefly used for weighing anchor by meana of the capatan. 




FIG. 110. 



FIG. 111. 





That a labonrer may produce the best effect by means of the 
crank-handled windlaaa, the length of the lerer must not be more 
than from 16 to 18 inchea^ correspouding to the length of arm of 
the labourer^ and the axis of the barrel muat not be more than 
86 to 89 inchea abore the Aoor on which the labonrer Stands, for 
men of average height. The handle of the windlaas ia adapted for 
one^ two, or more men, aecording to circumstances. As a man 
can work with lesa fat^e while pnshing and pressing, than while 
lifting and pnlling, the effort reqoired at each point of a revolution 
of the handle is not equal, and, therefore, it is well in donble- 
handled windlasses to set the handles 180^ apart, and when more 
handles are applied, to distribute them eqoally. 

The day's work of a man working a windlaas has been fonnd to 
be ia75040 ft. Ibs. with a mean effort iC = 17 Ibs., and mean 
velocity c = 2,4 feet, and length of day 8 hours. The cal- 
cnlations for the windlaas are the same as for the wheel and 
axie. 

If the resistance Q, Fig. 112, act with the lever CB = b, and 
the power P on the lever CJ=a, then Pa^Qb; and, therefore. 
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the power corresponding to a given reaistance 

is P = - Q. If again^ D oe the pressure on 

ihejowmaU or gudffecm, md r the radius of 
the gudgeons CE, theo Pa= Qb -k-fDr» md 

hence P^- Q -^^ ./D. If the resistanoe 
o ü 

Q, together with the friction r/A oonsist of 

the useful resistanoe Qp the eonstant prejudicial resistance W^ 
and the variable prejudicial resistance l Q, or^ Q= (1 + ^ Qi-^-fV, 

then P = - [(1 + a) Q, + JF] = *^+ - . ?> and, therefore, 
the Proportion of the winch and barrel radius should be : 
b ^ ^ IC — • ^^^ *® *^® winch has a prescribed height 

of 16 to 18 inches, the leverage of the resistance, or radius of the 
barrel, is to be determined by this, via. 

b = n i g\ Q i 1 Mr > ^ Order that the labourer may werk 

to the greatest advantage.^ 

Erample, On a two-bandled windlass the reristanoe is 200 Ibs.» viz. 150 Ibs. of 
useful resistanoe, and 30 Ibs. oonstant, and 20 Ibs. yariable prejudicial resistanee. 
The leyerage of the resistance is 4 Inches, that of the power 18 inches, the radios of 
the jonmal § inch, the oo-effident of friction / = 0,1, and the weight of the 
barrel, &c, 80 Ibs. ; requhred the nsefiü effect of such a machine. The whole power 
required, if the pressure on the Journals be taken 200 + 80 » 280 Ibs., is 

P = -* . 200 + 0,1 -1- . 280 - 44,44 + 0,5 = 44,94 Ibs., and, therefore, the 

lo 2 • lo 

effort of each labourer must be 22,47 Ibs., and according to GerstnePs fonnvla, the 
velodty of the power, or of the handle of the windlass : 

v^ (2^t\e^ (2^ ^^\ . 2,4 » 1,628 feet, and that of the resistaiioe : 

to == f V s- ^ . 1,628 » 0,362 feet, and the usefid effect per seoond : 
b 

Q^w »0,362 . 150 » 54,3 ft. Ibs., and daily » 1563840 Ibs., and the effidencj of 

such an application of the power of two labourers, the day's work of each of whom is 

«.«„»ed to be 1.175040 : ^ - g||S- = 0,665. 

§ 59* Vertical capstan. — When the axis or barrel of the wind- 
lass is vertical, it is termed a capstan^ Fig. 113. It is chiefly 
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"*• *^^" uaed on land for moving 

great weights a short dis- 
tance, or for removing 
great weig^tt, aa blocks 
of stone from a quarry, 
or for the erection of 
obeliska, ftc. Ita lue on 
board ship is well known. 
The horse-capstan, in its different applications as the prime 
mover of miU work, or as a tchim-gin, as it is termed, by miners, 
is a modifieation of the windlass easily comprehended. The eattle 
employed in working the vertical windlass or gm, go round in a 
given path, pashing or pulUng at the arm of the machine, 
„o. 114. Fig. 114, shews the 

usual construetion of the 
whim-gin, (Fr. bariiel ä 
ehevaux manige ; 0er. 
Pferdegöpel, Handgöpel). 
£0 is the axis, having a 
pivot at O resting in a 
footstep, ACA^ is the 
double arm or lever, with 
fork-shaped shqfts G, 
Gj. liese cross the 
backs of the horses, and 
the hamess is attached 
to them. The resistance 
Q acts at the circumfe- 
rence of a barrel or drum, or toothed whed B, either directly or 
indirectiy« The length of lever is made as great as conTeniently 
can be done, that the animals may have the largest possible circle 
to move in. The radius should not be less than from 20 to 30 
feet. The Une o/tractian must be as nearly horizontal as possible, 
and, therefore, the height of the lever should be fixed, according 
to the height of the animals working on it. By the arrangement 
shewn in Fig. 114, the horses or other eattle work very nearly at 
right angles to beam or lever ; but if the horses be attached by 
traces to a cross bar and hook, the direction of traction makes a 
certain angle with the beam, becoming in fact a chord of the 
circular path. 
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no. 115. 
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From the length of beam CA = a, Fig. 
115, and the length of traces AD=d, the 
length of levers of the horses i8 : 

CN=zä, = 



= «i = /\/^-4^ 



or^approximately, =a — -^ — . It is a re- 

sult of experiment, that a man can werk 
eight hours daily on the beam of capstan or gin, exerting an effort 
of 25^ Ibs. at the rate of 1,9 feet per second, and can, therefore, 
produce a da/s work = 25.5 • 1,9 . 28800 = 1'895360 ft. Ibs. ; 
that, on the other band, a horse workingon a gin for 8 hours daily, 
with a speed of 2,9 feet per second (a walk) can exert an effort of 
95 Ibs., or produce a day's work = 95 . 2,9 . 28800 = 7'934400 
feet Ibs. The power is to the resistance, on the capstan or gin, 

as for any wheel and axle, or P = Q -, when b and a are the arms 

or leverages of the resistance Q, and power P respectivdy. The 
frictions at the footstep and at the periphery of the pivots at top 
and bottom have to be considered ; for these require an increase of 
the power. If G be the weight of the gin or capstan complete, 
aud Ti the radius of the pivot, the statical moment of the friction 

on the footstep = ^ / G r^, (vol. i. 
§ 171). The point of application of 
the resistance B, Fig. 116,. generally 
lies nearer the one pivot, than the 
other, and thus the pressure on the 
two is different, and their dimensions 
are of course proportional to the strain. 
If the point of application ef the 
resistance be at the distance £0=^, 
from the pivot O, and CB = /^ from the pivot C, and if the whole 
length of the upright shaft; CO = /= ^ + /Jj, then the pressure on 

the lower pivot D^ = -^ Q, and the pressure ou the upper pivot 

D^^-j- Q, as is manifest if we first consider C and then 0, as 

the fulcrums of the lever CBO. Thus, the sum of the statical 
nioments of the lateral friction on the pivots =ifD^r^ +/A^2 
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__ -i-S— - — SJ ./Q, and the equation of equilibrium for the gin, is 



I'a=Qb+i/Gr, +/q/-A+I^, 



Remark 1. The application of the ttrAtm-^m, för drawing from mines, is tretted 
of in the third section. 

Remark 2. French aothon asiert that a horte, going at a troi, can work daily 
4i houn, exerting an effort of 30 kilog. ■* 66 Ibs. at a speed of 2 metres » 6,6 feet, 
and therefore can produce a day's work of 7^055000 ft. Ibs. If we apply Gerttner's 
formula, and put K » 120 Ibs.. c «> 4 ft., o » 6,6 ft., / — 8 hours, and « — 4^ 

hours, we get the power P^U^^\ (2 — — ) . 120 « 60 Ibs., and, therefm, 

the day's work » 60 . 6,6 . 4,5 . 3600 » 6*555200 feet Ibs., or pretty neariy the 
rendt aUiided to. li; however, we take the velodty 2,9 feet of a walk as the basis, 

we get by Gerstner's formula a mnch greater eflbrt, viz. (2 — ^j . 120-1531ba. 
and, therefore, the day's work (8 hours) » 12' 778560 Ibs. 

§ 60. Tread-toheeh, or tread-miUs. — ^The weight of men and 
cattle is sometimes used as the moving power of machines, the 
effort being exerted by climbing on the periphery of the wheel. 
The wheels consist of two crottns, connected with an axle by arms, 
and with each other by hflooring. The labourer treads either at 
the internal or on the externa! circumference, cross pieces, as steps, 
being provided for his steadier support at intervals of li feet. 
Figs. 117 and 118 represent the more usual construction of tread- 



riG. 117. 



FIQ. 118. 





mills. Fig. 119 is a construction of wheel analogous to an endless 
ladder, but is not much used. In it, the labourer is placed at 
the level of the axis, so that his weight acts entirely, and with the 
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,io. 119. radiuB CA = a surpassing that of 

the whecl itself. In tread-mills 
the labourer is placed at an acute 
angle ^Cir=a from the summit, 
or the bottom of the wheel^ and, 
therefore^ the leverage of his weight 
G, is lesB than the radius of the 
wheel CA=a, vk. CN=ai=CA 
sin, CAN = a sin. a. But then 
the fatigue of the labourer on the 
endless ladder is greater than on 
the tread-mill. In the former 
case, it is the effort necessary to mount a vertical ladder ; in €he 
other, it is that for going up an inclination given by the tangent 
AT, making the angle TAH= CAN = a. The eflFort P in the 
case of the ladder is, therefore, G, while in the tread-mill it is 
G sin. a. If the resistance Q act with the leverage CB = b, th^i 
for the ladder- wheel Ga^Qb, while for the tread-mill Ckt sm. a 
= Qb, by substituting the power or effort, as in the wheel and 
axle ; Pa = Qb. Mathematically considered, therefore, the tread- 
mill gives no advantage over the windlass or capstan ; but the 
labourer can produce a much greater day's work by the one, than 
by the other, and, therefore, they are often adrantageously 
employed. The application of four-footed animals on these wheels 
is inconvenient, and not advantageous in any point of view. 

It has been dedueed from ezperiment that a man can work near 
the centre of the wheel, u e. near the level of the axis for 8 hours 
daily, exerting an effort of 128 Ibs., and going at 0,48 feet per 
second, while he can work for the same time, exerting an effort 
of 25 j Ibs., and going at 2^ feet per second, when his position is 
24P from the vertical. In the one case, the day's work amounts to 
1'769000 feet Ibs., and in the other 1'668000 feet Ibs. Horses 
and other cattle produce less effect on such machines than by 
means of a gin. A part of the advantage arising from the use 
of tread-wheels is lost in the increased friction of their axies 
beyond that of windlasses or capstan. If n 6 be the weight of 
the labourers, 6^ the weight of the machine, and if the resis- 
tance Q act vertically downwards, the pressure on the Journals 
D=znG-{-Gi-{-Q, and if r be the radius of the Journal, the moment 
of friction =/ (« G-f Gj -f Q) r, and /the ratio of power to resist- 
ance is : n G a sin. a = Qb -^/{nG + Gj + Q) r. 
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K the resistance be given, the angle of ascent may be deter- 
mined^ viz. : 



nGa 



or the 

*" G{asm.a—/r) ' 
Men work to the greatest advantage when their effort : n P =z n 

G sm. a = « Ä" -f - . -TT* Of when m a= ( K + - . s- I : ö. 
a Z \ a 2n/ 

§ 61. Moveable inclined planes. — For farming purposes, in 

breweries, &c., the arrangement sketched in Fig. 120, is some- 

times applied. The horse or ox works on such an inclined plane 

Fio. 120. for short spells. The machine has 

this advantage, that the animal may 

be left without a driver. The action 

of the animals is in every respect the 

same as in tread-miUs, when they 

work near the horizontal radius. The 

machine consists of a shaft BO, the 

axis of which is inclined 20^ to 25^ 

from the vertical, and of a plane, 

firom 20 to 25 feet in radius, set at 

right angles to the shaft, and, therefore, having an inclination of 

20° to 2b^ to the horizon. If the animal moving the machine 

work at a distance CA= a from the axis of the shaft, and if the 

angle of inclination of the plane, or the inclination upon which 

the animal may be supposed to be moving = a, then the power 

P= Gsin. a, and, therefore, the moment of rotation=Pö= Ga sin.a. 

If the resistance be applied with a leverage b, its moment is 

Q b ; and if Gj be the weight of the machine when in work, and 

r be the radius of the pivot, the moment of friction on the foot- 

step = § / (G + Gl) COS. a . r, and the moment of friction on the 

periphery of the pivots =f{G-^ GyJ—(Q)<8in. a ,r ; because the 

weight G+ G, resolves itself into the components (G+ Gj) cos. a, 

in the direction of the axis, and (G+ G|) sin. a, in the direction 

of the inclination of the plane, whilst Q acts in the opposite 

direction to this latter. Whence follows 

G a sin.a:= Q {b—fr i|^te»)+/(G -f G^) (§ cos. a + sin. a) . r. 
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Sxan^le. How many men are required to be put apon a tread-mill of 20 feet 

diameter, in order to raise a weight of 900 Ibs., acting with a leverageof 0,8 feet ? 

U we estimate the weight of the wbeel, and ito load at 5000 Ibs., and taking the 

radiui of the pivot at 2| inches, and the eo-effident of friction at 0,075, then the 

itatical moment of the resistance - 0,8 . 700 + 0,075 . VW • 6000 « 720 + 78»798 

798 
Ibs., and, therefore, the power at the drcnmferenoe of the whed " ^ "" ^'^^ 

Iba. A labonrer plaoed 24« back from tfte ranunit of the whed, ezerts an efllM of 

25f Ibs., and, therefore, the number of men reqmred ia li^ « 3. These men 

25-}' 

could produoe 3 . 1663000 » 4989000 ft. Ibs. per day of 8 hom«, and, therefore, 

they oould raise the weight Q daily through ^^^a^^ ^ ^^^ ^^ ^^' ^' "^ 

900 

posing the load had to be raised dtaly 200 feet high, the three men oovld raise 

5980 

^^ » 30 times 900 Ibs. to the height of 200 feet. 



CHAPTER III. 

ON COLLECTIKO AND LEADINO WATER THAT IS TO SERVB 
AS POWER. 

§ 62. Water-conduÜs. — ^Water that is to serve as power, (Fr. 
l'eau motrice ; (rer. Attfschlaffetoasier), to be applied to machineB, 
is collected from streams and rivers, or from Springs. In most 
cases the machines hsve to be erected at some distanoe from the 
point at which the water ean be collected, and must be led to the 
machme in what is termed the lead or leie^ or taater-canduii, 
or water-course. 

The lead may either be an open Channel or canal, (Fr. canalef, 
riffoles), or it may be a close pipe, (Fr. iuyaux de conduUe ; Ger. 
Rohrenleitwngevi). Pipes are best adapted for smaller quantities of 
water. They have this great advanti^ that they may be led in 
any way within the hydraulic ränge of Variation of level, whilst 
canals as letes, must have a eontinuous fall. Valleys and hüls 
may often be passed by pipes without trouble or expense, while 
the open Channel requires the cutting of drifls or ttmneb, and the 
erection of aqueducts. 

§ 63. Doms. — ^The vis viva of running waters, of brooks and 
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riyen baying velocities of from 1 to 6 feet per aecond, it seldom 
snfficient to allow of their direct application as power to drive 
machines. To increase the via vwa, or to bring the weight of the 
water into action, it is neeessary to dam it up to create a head or 
/all, (Fr. ckuie ; 0er. Oeßüey, Water is dammed up by weirs, 
dam» or bars, (Fr. bcarragea; Qtr. Wehre)» 

Weira are either averfall toeirs, or they are ibnee weirs. 
Whilat in tbe former the water flows freely over the saddle-beatn 
ciU, or highest edge of the weir, in the ktter moveable sluice-boards 
dam the water above the snmmit of a weir, which may be either 
natural or artificial. The overfall weir ia uaually laid down with the 
view of conatraining a portion at least of the water of a riyer or 
atream to enter a aide canal above it, or a lete by which it is eon- 
ducted to the maehine by which the power of the water ia to be 
applied^ and the sluiee weir, is used when the object ia to get an 
increased vis vwa to the water, whieh is then directly applied to 
a machine immediately below the weir. 

In larger rivera, dams are frequently built to occupy only a part 
of the width of the stream. These dams are termed incompleie 
weirs, in contradistinction to camplete wem, which are laid from 
aide to aide of the stream. The piers of bridges are examples of 
incomplete weirs, (Fr. barraffe dUconiintu; 0er. Lichte Wehre), 
contracting the paasage for the stream to a certain extent. 

Overfall weirs too, may either be complete or imperfect. The 
summit of the complete overfaU rises above the surface of the 
water in the part of the stream below it, whilst the top of the 
incomplete weir lies below that level, so that a part of the water 
flowing over undergoes a resistance from the water beloW" 
weir. 

§ 64. Swell or back-water. — ^Any of the contructions we have 
above aUuded to, dam back the water, produce a 8weU above the 
weir^ an devation of the water's surface, and therefore a decrease 
of vdocity. The height and amplitude or extent backwards to 
which this rise of the water surface extends, is a matter important 
to be determined with reference to the dimensions of the weir. 

A knowledge of this relation between the weir, and its effects on 
the river above it, is not only necessary because by damming up 
the water too high we should involve the district above in floods 
to which they had not been previously subjected, but we may 
interfere with other establishments, robbing them of a part of 
their fiill, by throwing back-water upon them. The level of the 
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sammit of weirs is often fixed by law or prescription according to 
a Standard peg, or mark : any alteration of which is an ofienoe 
liable to penalties, (see in reference to the Engliah law on this 
subject^ '' Fonblanque on Equity^'). The peg generally has a 
Scale attached to it, by which the supply of water may be read off 
at a glance. 

The water flowing over an overfaU, or through an incomplete 
weir^ acquires a waving eddying motion, the action of which is very 
severe on the bed of the river immediately below the weir, so that 
particular arrangements have to be made in the erection of weirs 
to withstand this action. 

The quantity of water contained in or flowing through streams 
or riversy is different at different times, so that we have the expres- 
üona ßiU, average, and dry, applied to the State of nvers, cor- 
responding, in Britain, to winter, autumn and sommer^ though 
not very definitely fixed as to the particular period of the aeasons. 
It is cvidently necessary to have accurate information as to the 
mean supply of water yielded by a brook or stream, proposed to 
be applied as water power. The State of the stream in autumn 
and spring may be taken as the mean State, but for any important 
undertaking of this nature a series of hydrometrical observations 
should be instituted, that the question of the supply of water may 
be accurately determined. Any one of the n^ethods discusaed in 
vol. I. § 376, &;c.^ may be adopted for this purpose. 

§ 65. Construction qf weirs. — ^For obtaining water power, the 
overfaU weir is the most important means. Weirs are built either 
Square across the stream or indined to the axis of it. They are 
often built in two parts inclined to each other, the angle which is 
lud up-stream, being rounded or not ; they are formed as polygons 
also, and as segments of a drcle, the convexity being always tumed 
to the stream. Weirs are built of wood, or of stone, or of 
both combined. They have frequently to be founded on piles, 
from the difficulty of getting a sound foundation. The cross 
section of wooden, or other dams, is more or less of the form of a 
Fio 121 five-sided figure ABCDE, Fig. 121, 

in which AB is termed the breast, 
BCiheßranislope, CD the apron, DE 
the back, and EA the sde, and C tlie 
saddle or cill. The cross section of 
stone weirs is generally composed of 
curved lines^ as regards the apron and back, the object being to 
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Fio. 122. 




get the ruah of water smoothly away from the foot of the apron, 
ao as to prevent corrosion in time of floodfl. 

An over&ll weir, such as is represented in Fig. 122^ consists 

of a row of piles D, going 
across the stream, and a 
waleing-piece^ or »addle- 
beam C on the top— of 
walling E in front of the 
piles, — a second row of 
piles F further down- 
stream and parallel to the first— of a casing of hard laid pavement 
G^ between the two, and whieh is eontinued onwards with the 

same curvature, forming 
an apron, (which should 
be eontinued so that it 
tums slightly upwarda). 
The weir in Fig. 123, 
shews the manner of 
founding on piles, the 
intervals between the 
piles being cleared out as far as possible, and rammed with con- 
erete, and upon this the supentructore is raised. 

The construction of wooden weirs is sketched in Fig. 124. AB 

FIG. 124. 



FIG. 123. 





is a wall of beams, lying tight, one on the other, on the top of 
which comes the saddle-beam A. These beams are confined by a 
double row of piles CD and C^D^y and the piles EF and GH, 
driven as breast and back of the dam, form resting points for the 
planking of the dam. The interior of the dam is fiUed with stone, 
clay, concrete, or such material. The apron K of the dam is eon- 
tinued onwards as substantially as possible, in the manner shewn 
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FIG. 125. 







^i in im' 


j 



FIG. 126. 



in the sketch. This latter is a point of great importance. At 
L the sluice of the lete is visible. A submerged weir is shewn in 

Fig. 125. A is the 
saddle-beam, AB are 
the guide-colomnsy in 
grooves, in which the 
sluice works. The ar- 
rangements for raising 
or opefdng and lower- 
ing, or skuiting the 
sluice are yarious. A 
capstan-like arrange- 
ment is shewn in the figure^ the sluice-board hanging by chains. 
The piles in such a construction, must be cleared for some depth, 
and the interstices well rammed with puddle or concrete, to pre- 
vent leakage. 

§ 66. Heiffhi qfswell — By aid of the hydraulic formulas we 
have investigatedy (vol. i.)^ the height and amplitude of the back- 
water for any given dam may be easily determined. If^ in the 

case of a dam repre- 
sented in Fig. 126^ h be 
the head AB, and if b, 
be the breadth, and k, 
the height due to the 
velocity c of the water 
as it flows up to the 
weir, or: 

k = 5 — , then the quantity of water discharged by the weir 
^ y 

is, (vol. I. § 821), Q = § /x Ä i/2^ [A -f *)*—**]. If, on the 
other band, the quantity discharged be known, the head corres- 

ponding to it upon the saddle-beam : A = ( ^ + ^ r — ^• 

^ ^ ^ \^ö ^2 ff ) 

In Order, therefore, to give the height BO =^ x o{ h weir to pro- 
duce a given head, or rise of the water surface at the weir = Aj, 
we put AC + CO = AB -{- BO, or, if the original depth of the 
water dotvn-stream CO beput = a, then Ai + a=A + ar, and hence 
^ = a + A| — A. 

When the backwater or head raised is considerable, say ar = at 



^^-— 
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least 2 feet ; the velocity of the water as it comes to the weir k^ 
may be neglected> and therefore we may put : 

' = -*--(7^)'- 

and according to expenmenta of the author, the co-efficient n may 
be taken = 0,80 for this case. 

In the case of the submerged weir^ Fig. 127, the calcolation is 
^j^ ,27 somewhat more compli- 

cated, becauae in this case 
two different discharges 
are combined. The height 
AC^ h of the water above 
the saddle-beam is greater 
in this case than the 
height AB=h^i to which the water is raised by the dam, and 
therefore, only the water above the level B, flows away freely, 
whilst the water nnder B flows away ander the head or pressure 
AB=hi. The discharge through 

AB=Q,^i^b ^2^ [(*!+*)*—**], 
and that through BC = Ä — Äj, is : 

Qa = ^*(Ä — AJ ^2^(Äj-h*) > 
and consequently the whole quantity, or, 

From the quantity of water Q, and the hei^t A^ to which the 
water is raised, we have the height of water above the saddle : 

from which the height of weir CO =£^ x = a + h^ — h may be 
deduced. It is evident that h > Ap or the weir, is a submerged 
or imperfect weir, when 

Q>i/*A v^ [(*! + *)*— **]. 

Exanqfle. A itream of 30 feet width, and 3 feet in depth, discharges 310 cubic 
feet of water per aeoond. It is required to raise it 4i feet by means of a weir. Wbat 
height of weir is necessary ? As the height of the water to be raised is considerable 
in this case, we may confidenüy use the simpler formnla : 
VOL. II. 8 
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X - a + A,~/_A^-sr-]^. In this fonnuk a - 3, A, » 4,5, Q - 310, 

d » 30, ^ » 0,80, md VTg — 8,02 for the caae in question. Hence : 

*-3 + 4,5 — f^-_Ali? \*- 5,6fieet; and, therefore, the OTofall ii a 

\2 . 0,8 . 30 . ^02 / 

peffftei war as was pretomed. If it were required to raise the water up only 2 feet. 
9 would be 3,1 feet, or the weir woold ■tÜl be ptffiet. If If feet only w«r 
required, the dam would not require to riie above the level of the watcr down- 
•tream, or the natural level of the water in the stream ; and would he a sabmerscd 
weir. Applying the complete formulai to thia caae, and putting 

*-l - 0,0155 (_4--V . 0,0155 (-5i<Ly A. JV/- 

- 0,0155 . 5,27 - 0,084 feet, and taking n again » 0,80 we get : 

^ _ 310 _ _ ^ (1,584)^ -(0,084)^ 

^ " 0,8 . 30 . 8,02 Vl,584 j ^g^i 

- 1,28 — 1,06 + 0,01 ^ 0,25 feet 
The laddle overfaU must, therefore, be about | foot, or 3 inches under tbe 
•urfeoe of the water on the under aide of the weir, and, therefore, the height of tbe 
weir itaelf # - « + Ap V- 3*25 feet. 1 ./ 7/f; . 

§ 67. The height and amplitude of the back-water in the esse 
of sluice wein may be detennined according to the theory of the 
discharge by sluices. There are three cases may occur. Either 
the water flows away unimpeded, or it flowa ander a counter pres- 
sure of water, or it flows partly unimpeded, partly under water. 
In the case of a free discharge, as in Fig. 125, the velocity of dis- 
charge dqiends upon h above, measured from the centre of the 
opening to the water's surface. If then a be the height of open- 
ing, and b the breadth, then Q == ftab V2ffh, and, therefore, 

inversely * = «" \ — ä) ' ^^' taking into consideration the velo- 
city A with which the water comes up to the sluice, 
A= 2~ ( — \) — ** ^^^ *^® height of opening, we have the 

formula : a = — ; — ==r., or if At = the height to which the water 
fib v2ffh 

is raised by the dam above the eill be given : 

Q 

a = ==• . According to the author's experi- 

ments /i is here = .60. 
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If the under-water lie back to the sluice^ as in Fig. 128^ theu 
the difference of level AB=h, is the head to be introduced as pres- 
sure in the above formula. In this case, therefore^ the opening 

corresponding to a given head his: a = =. 

When the level of the under-water is within the ränge of the 
MO. 128. rio. 129. 





sloice's opening^ as shewn in Fig. 1 29^ one part flows away unim- 
peded, whilst the other äows ander water. If the height of the 
water is ndsed^ or the. diflTerence of level AB, Fig. 129, =ä the 
height BC of the part of orifice of discharge above the surface of 
the water = a^ and BD the height of the part ander this surface 
= Og, then the quantity of water for the former part : 

Q, = /i «1 6 \/^ff (* "" ^) ' *"* ^^^ ^^^ ^^^^^ ' 
Qj = /i «2 * ^2 ff Ä, therefore, the whole quantity : 

From the quantity of water discharged Q, the height to which 
the water is raised h, and the depth a^ of the cill or saddle of the 
weir under the under-water surface, we deduce the distance of 
the sluice-board from this surface : 



Example 1. How high most the boards of sluice weir, Fig. 125, be imed, which 
has to let off 250 cubic feet of water per second, the breadth b being « 24 feet, and 
the height Ai, to which the water is dammed above the cill, = 5 feet ? In the case 
of unimpeded discharge: 

^ 250 2,19 

0.6.24.8,02 ^7^° ^^' 

\ 8* 
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approximately : « » 1, hence : A/b — ^ * ^4,5 » 2,12, therefore, the be%lit of 

opening required : a « -1^ =» 1,03 feet « 12,3 incliet. 
2,12 

Exan^le 2. Whftt tmount must the duke. Flg. 128, be drmwn op, in ordcr that 

it may dUcharge 120 cubie feet water per second, ander a head oi 1,5 feet, tbe 

width of opening being 30 feet. Thia ii a case of discharge ander water, therdbre, 

a » — = - 0,68 feet - 8| inchet nearly. 

0,6.30.8.02 -/1,5 

Eran^le 3. It ii required to determine the quantity of water wfaidi flowi throogli a 
sluice^penfa^f (fig. 129) of breadth * - 18 feet, height CD^m^ -i- a^- 1,2 tet, wfaa 
the head ifir- 2 feet - A, and the height of wirter abofe tbe du, a^ - 0^^ feeL In 
thia case /i * v^ - 0,6 . 18 . 8,02 - 86,6. Further c, v^Ä » 0,5 Vt - 0,707, 

and «, ^A_fL - 0,7 vT^ - 0,899, therefore, the quantity of wateriequired 
Q - 86,6 (0,707 ^ 0,899) - 86,6 . 1,606 - 139,07 cubie Axt 

§ 68. Diicantinuousweirs. — ^The height of the back-water in the 
case of incomplete^ or discontinuous wcirs, such as piera of bridges, 
jetties^ &€.^ may be calcolated in very much the same way as that for 
overfalls. For the jetty BE, Fig. 130, there results a damming 
back of the waters^ because the stream is contracted from the 
width ^Cto AB. It, therefore^ the lead be ck)6ed, which it is 
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well to assume^ the whole of the water of the stream Q mnst pass 
through the contracted passage AB. If we put the width AB=b, 
the height of dammed water = AB^ = h, Fig. 181, and the 
depth i?iCi of the under-water = a, then the quantity flowing 
freely above the under-water is Q^=§ ^6 \^2g/^, and the quan- 
tity flowing away as ^under-water = Q^z= fxba \/2ffh. There- 
fore, the whole quantity going away : Q = ^ * \/2~ffh (f A + a), 
Hence, inversely, the breadth of weir corresponding to given height 



h of dammed water, is Ä = 



^(iÄ+ö) \^2gh 



If the height of 
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back-^wtter *, be small, or the velocity of the water great, the 
velocity of the water as it comes up to the jetty, must be taken 
into consideration. If * be again taken to represent the height 
due to the velocity of the water as it comes to the weir, we have : 

Qi = i/** V^2^ [(*+*)*— *^, and Q^^ fiba '/lg (A + *), 
and^ therefore: 

Q = ^ Ä V'S^ [| [{Ä + *)*—**] +a (Ä + *)*]' 
and inversely : 

* = -^ V 

/» V2^ [i [(A + *)*-*^ + « ^* t *) ^1 
Whilst in the unimpeded motion of water in river Channels^ the 
velocity is greatest at the surface, and decreases gradually as we 
go downwards in the vertical depth, the case is different when the 
water is dammed up by any obstruction in the stream. Then the 
velocity increases from the surface of the upper-water down to that 
of the under-water, and diminishes very little from thence down- 
wards to the bottom. There is, therefore, a change of velocity as 
represented by the arrows in Fig. 181. This must necessarily be 
the case, because the water above the under-water surface flow» 
away under a pressure or head increasing from Otoh, and the 
water under it, flows away under the constant pressure A, whilst 
for unimpeded motion, the pressure or head at all depths = 0. 
This formula is likewise applicable in the case of bridge piers, if 
b be put to represent the sum of the openings between the piers. 
In Order to prevent as much as possible, injurious effects from 
the eddying motion of the water behind and in front of the piers, 
the starlinffs are added, presenting a rounded or BXkghdprow to 
the water. If the starling of the piers be round or form a very 
obtuse angle, then /ü is to be taken = 90, if the angle be acute 
fi = .95, and if the acute angle be fbrmed by the meeting of two 
eliiptical or circular arcs, as in Fig. 132, fi becomes even .97, or 
very nearly 1. 



Pio. 132. 



PTO. 133. 





118 AMPLITUDE OV TUM BACK-WATER. 



Remmrk. U a jetty, or other bailding eontractiiig a itiMM, 4am malt iMcfa aboR 
the aurftoe, the whole quantity ei wafter Q may be considerad ai uiunm Bd «T Spate. 
If the top of the conttniction be beneath the noder-water tuifiMe CD^ f^ IS, 
theo the quantity of water flowiDg away througfa the aectSon JBDC, h : 

k being the height of the back-water, and b the breadth AB. 

Secondly, the remaSning pait above the top of the bnÜdlng, and nnder the eoa- 
itant head A, or. Q^ - /««, («— «i) ^2^ (A -i- A), where « - l?J7 Ihe depth of 
nnder water, *, - the breadth JTFof the bnUding. and «, - its height EH. 

Laatly, the pari flowing away at the end of the bailding nnder the constant head 
A, it Q, - /i A,« V29 (A + A), ^ being the free width CD. Thm: 

Q- 1/** -v/JTfC* + *)* — **] +/*[*« — *i«i] v'2y (A + *). and, therefore, 
we can calcolate the length and beigibt of bnilding necesniy to prodooe a giva 
amoont of dam. If, on the other band, C,D| be the nnder-water sniftoe, or if the 
construction reaeh aboye the aurface, 

^-4/«*i ^27[(«+ *-«,+A)*-.AT 

-»• T/»*« -v/27[(* + *r — *^ +/««»f ^2^ (A + A). 
Arofiylp. What width BC mnst be ghren to the dam BB, Flg. 130, in order that 
the river, which ia 550 feet wide, and 8 feet deep, and defiyera 14000 cubic feet of 
wator per aecond, may be dammed np 0,75 feet ? 

A « 0,055 i^^^y - 0,0155 . 3.18« - 0,16, 
\550 . 8/ 

and if /« -* 0,9, then the width of the eomtraeitd ttream : 

14000 



b^ 



09 . 8,02 [4 (0.912^ — 0,162*) + 8 . 0,912*], 
14000 14000 ^238 feet 



7,2 . 15 (0,537 + 7,639 7,2 . 15 . 1,176 
and therefore the length or protection of the dam ■> 550 » 238 » 312 very nearir. 

§ 69. Amplitude oftht back-water. — We have now to reaolve 
the other important question. According to what law does the 
height of the dammed water diminish in stretching back, ap- 
atream f Without having resort to any peculiar theory, this 
Problem can be solved by the theory of the variable motion of 
water in river Channels, explained vol. i. § 869, § 370. 

Let US suppose the length of river on which back-water from 
the dam ABK, Fig. 134, is perceptible, divided into separate 
lengths, and let us submit each length separately to calcuIatioD. 
If Oq be the depth of water AB at the weir, a^ the depth DE at 
the Upper end of such a length ; ABDE, Fq the section of the 
flowing water at the weir, Fi the section at DE, Q the quantity 
of water, p the mean circumference of the section for this length, 
and a the angle of inclination of the river's bed, then, from § 370, 



AMPLITUDE OV THB BACK-WATBR. 119 

the lengdi of the first division^ {Oq and a^, and Fq and F| being 

Fie. 134. 




Bubstituted for each other) is : 

/l 1\ C? 



/ = 



sin, a — ( . 



Po+F, 



\ \F* + F,»; 2 ff 



If Oj be the depth of water GH at the upper end of a second 
length DEGH, F^ its section, and Pi the mean perimeter of the 
water section of this part^ than its length 



J>H=l,r^ 



»tn, a 






F, +Fa 



Continuing in this manner, namely, aasuming arbitrary decreaaes 
of depth Oq — flj, «1 — a^ a^ — a^ kc., and calculating from 
this the sections Fp F^, F^ kc., and the mean perimeters, we get 
by the formula, the distances l, /^ l^ corresponding, or the dis- 
tances /, / + /p / + ^ -h Z^, ficc., from the weir. 

To find the depth y corresponding to a given distance x, we 
may either apply the method of interpolation to the values 
(, / + ^, / -h /i + /a, &c., just found, or we may make use of 
this other formula, likewise given, vol. i. § 370, viz. 



«0- 



■fli = 



(«1 



8tn. a- 



'i 



i-A 



PSL. 



Ml 



10- 



If we put in this instead of bo, the breadth, and instead ofpo, the 
perimeter, and for Vq the vejj)city at the weir, this formula gives 
the decrease (a^ — äj) of the height of back-water on the first 
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8hort length l, and for a next foUowing short length I, this 
decreaae is : 



I = o ^fi ^ 'i> ^'» 



1 — ._ *^i 

and, laatly, for a given distance / + /j + ij| -h . . . the depth : 
^0 — (^'o — «i) — (^1 — ^ — • • • ^^y ^ calculated. 

Xitampie 1. A weir is to be buUt in t river 80 feei wide, 4 feet deep, and ä&. 
charging 1400 cnbic feet per aeoond, in order to dam up the water 3 feet higb. 
Reqinred tbe relaÜTe ammmt of damming, at diitanoes back firom tbe weir. ^ithoot 

tbe dam, tbe vdocity of tbe water e «. ?1^ - 4375 feet, and, therefore, aooord. 

8 Qa 

ing to tbe table, voL i. p. 495, tbe ocMJBcient of letistance l - 0,00747, and the 

indination of tbe cbannd im. a-0,00747 . 4: • ^- ff tberefore^ » 84, F»80. 4 

F 2g 

- 320, c - 4,375, and A - 0,0155, tben tbe indination : 

tw. « - 0,00747 ii . 0,0155 (4,375)« = .0006005, or .0006, 
820 

nearenougb. Tbedeptb of water dose to tbe wdr is 4 + 3 » 7 feet, andweshafl 

now determine tbe diatances at wbidi tbe deptbt 64, 6, 5} and 5 feet oocnr. Kf «e 

firat introduoe into tbe fionnola : 

1^1 — 80 . 6,5 — 520, Q « 1400, «tu. a « .0006^ p «- 86, and tben for tbe meto 

▼elodty - A^r - ^^ - 2,59 feet, l - .0075, tbe valne of 
F-¥Fi 1080 

^^ 0,5 — (0,0000036982 — 0,0000031888) . 30600 

0,0006 — 0,0075 -~g (0,0000036982 + 0,0000031888) . 30600 

0,5 — 0,016 0,448 ^ j^g ^^^ 

" 0,0006 — 0,000129 " 0,000471 

To find tbe distance back at wbicb a depression of 1 foot in tbe watei^s suiftce 
occan, we mnst again pnt o^— a^ - 0,5, but F^ « 520, f, « 80 . 6 = 480, j9»85^ 

and tbe mean Tdodty ^^ » 2,80 g^^es l »0, 00749. Hence, by means of ^ 

same formula as above we get for tbe distance in wbicb tbe surface lowers, so tbat 
tbe deptb becomes 6 feet instead of 6,5, 
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O;^ — 0,0000006421 . 80600 ^ 0,48 ^ ^^^ ^^^ 

.0006 — .00749 ^'* .0,000080585 . 30600 '^^^^ 
1000 

Tbe water at a dislanoe 1028 + 1094 » 2122 feet, is, theiefore, only 6 feet deep, 
or the hdght of the badc-water is 2 feet. ff, again, we pot i^ ~ «, » 0,5, and 
/"o « 480, /*, » 440, p » 85,1» and C - 0,00749, then / » 1205 ft., «nd for a 
further depnmm of 0,5 ft., / » 1413 ft., lo that at 2122 ft. + 1203 ft. + 1413 ft. 
» 4740 feet bade fitna the weir thcre is still a rise of 1 foot, occasioned by it. For 
the 4i feet deep length I » 1922 feet, for 4| feet, / - 1584 feet, and for 4,1 feet, 
I =» 1850 feet, so that there is still a dUferenoe of y^ of a foot at a distance 
4740 + 1922 + 1584 + 1850 + 10096 feet hack from the wesr, and dimi. 
niahes npwards ; bat for 4 feet, or eompkt» e€$$aiüm qf baek-w^er, / — od by oiir 
formnla. 

Exaa^ 2. Reqnired the height of the back-water at the distance 2,500 feet back 
from the weir ol the last ezsmple ? Acoording to the ctlculatiotts abore, there is a 
rise of 2 feet at 2122 feet above the weir, and the question therefore is, how does 
the riae duninish in the distance 2500 — 2122 •» 378 feet ? The distance back from 
the 6 feet depth at which a fiirther reduction of 0,5 feet takes place, has been found 

Aore to he 1205 feet. Therefore for each foot a depression of ^^ ft., so that for 

1205 

377 feet, we shonld have ^'^ * ^^^ - 0,157 feet, and, therefore, the rise of the 
1205 

back-water at 2,500 feet back from the weir is 2 — 0,157 « 1,843 feet, and, there- 
fore tbe depth of water — 5,843 feet. If we calcnlate according to the second 
formnla: 






we put into this / » 800, j^o » 86, 
1-.:L.3L 

«^ » 7, a^Q s 560, V« j^ — — - » 2,5, and C » 0075, we get the depression cor- 
560 

responding » 0,399 feet, and if we again put / » 800, /», » 85,8, Oq « 7 — 0,399 

» 6,601, dpAo "" ^28, Vq » ^i^ » 2,652, and C « .0075, the depression is found 
528 

to be 0,383 feet. Continning in this manner, but »etting / this time »900, ^»«»85,5, 

«0 « 6,601 — 0,383 - 6,218, ajk^ - -497,44, »o - ^rr '^ 2,88, and ? - 00749, 

we get the depression o^ — a, - 0,403 feet, so that for 800 i- 800 + 900 » 2,500 ft. 
back from weir, the depth of water is 6,218 — 0,403 » 5,818 feet, and the height of 
the back-water here b 1,815 feet. The first method gave 1,843 so that the diffe- 
\ in the results of the two methods is not quite -f of an inch. 



§ 70. Back-water swell. — If we consider somewhat closely the 
cquation of the curve of the back-water, that is, of its longitu- 
dinal section, viz. 



BACK-WATVB 8WELL. 



y P ^ 



«n— fli = 



F 



mh 



2 r]^ 
a'2g 

we diacover several interesting circumstances in reference to the 
back-water. In the firaction : 

*^^~^ ' F'2^ 

tbe numerator and denominator beoome more nearly eqnal to 0, 
the greater the velocity v^ and aeoording as the one or the other 
first becomes 0, we have : t t ^\-' ^ 

= 0. We perceive from this that when the numerator becomes 
s 0^ the division /, or the limit of the back-water becomes infi- 
nitely diatant, and in the case of the denominator becoming = 0, 
the length / = 0, or there is no back-water. Now the nnmerator 

becomes = 0, when ^ ■ ^ • o" = ^* tt> or, when the vekxaty d 

the dammed water differs in an infinitely small degree from the 



velocity » = a /ffi— !I!Üi!? of the uniformly flowing water of the 
stream, and the denominator becomes = 0, when : 

2r«_ i^-^ ^'^ 

« • 2^ " ^' ^'' 2^ "" 2 ' 

that is, when the height due to the velocity = half the depth of 
the stream. 

When the height due to the velocity of the tvater befort ihe 
introductiou of a weir, is lese t/ian half the depth of the «n- 
dammed waier, the back-water takes the form shetvn in Fig. 134, 
and ifthe height due to the velocity be greater than half the depth, 
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the back-^water kos iheform Fig. 135^ there 
ing at the point EG. 

Fio. 135. 
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a rise or swell- 




-rS. 
F 



If in tbe eqnation «tn. a = 1^— . 5-, we put s" = ö5 ^ = "*> 




2/ •"-»'""2^-2' 
«nd p (thoagh it be only approximately) = b, we have ; 
«iti. a = i C. Thus the circumstancea represented in Fig. 135, 
are likely to occur when the fall or inclination of the stream a, is 
greater than \ the co-efficient of reaistance C = .0075, that is, 
when a > .00375, or a > xfjr* or 1 in 266. As rivers and 
water-courses have generally a less inclination than this, the 
sudden depression £G, Fig. 135, is seldom observable in them. 

Bemark 1. This radden dei^esrion of the back-water was fint observed by 
Bidone, in a 12 inch wide trougfa, in which a was » 0,033. The same appeaiance 

is manifested when the inclination of the 
FIO. 136. Channel changes, as shewn in the figure 

136. If the degree of inclination of the 
npper part be greater than i ^, and incli- 
nation of the lower part less, there is 
formed at the point of change a moeüt or 
sudden rise where the less depth oorres> 
ponding to the greater indination, passes 
into the greater depth oorresponding to the less inclination. 

Remari 2. Saint-Guilhem has giyen an empirical equation for the cnrve of the 
back-water, but the anthor has given one more simple and accurate in the '* Allge- 
meinen Maschinen Encydopadie/' artide *' Bewegung des Wassers." 

§ 71. Reservoirs. — In districts where the supply of water is 
small, but where powerful machines are nevertheless required, 
as in mining districts generally, the construction of reservoirs 
(Fr. &anffs ; Qer. Teichen) or large artificial ponds, that fiU during 
seasons of rain, and supply the demands of drier seasons, is a 
matter of practical importance. The site to be phosen for a reser- 
voir is regulated by a variety of circumstances. The main ques- 
tion is that of the relative level of the machines to which the 
water is to be applied. This bemg satisfied, they are most advan- 
tageously placed in a deep dean, or part of the Valley where they 
can collect, not only the rain-water, but the streamlets and Springs 
of as large a surrounding district as possible. In such a Situation 
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a Single dyke or dam going aquare acroas the Valley ia tiafficient 
to enclose the reacrvoir. The shorter the dyke, and the leas the 
superficial area of a reservoir for a given cubical contents, the 
better. The steeper the banks^ therefore^ the more economically 
a reservoir is formed. Tlie lower the levd of the reservoir com- 
pared to the surrounding district, the greater supply of water may 
be lead into it^ or will flow to it natnrally. 

In selecting the site for a reservoir^ great attention must be 
paid to the natnre of the bottom, that is, its impermeability mnst 
be thoroughly asoertained ; also its fitness for bearing the weight 
of the dyke or dam. Artificial puddling is of coorse a resooroe 
avaUable in many cases ; bnt for very extensive reservoirs, it is a 
precarious and expensive remedy for want of natural impermeability. 
Fissures in rocks, deposits of sand and gravel, morasses or bogs 
are to be avoided by idl means. 



Remark, On thU rabject, see Smeston'i 
•truction/' tnd Hagen " Wasserbaukuntt/' 

Fio. 137. 



' Reports,^ SgaBcin, " Coon de Coo- 



The value of a reservoir de- 
pends chiefly on its superficial 
and cubical contenta. For as- 
oertaining theae, an aocurate 
survey is necessary. The points 
I, II, III, &c., of Fig. 187, 
are laid down from a survey 
with the chain or theodolite, 
and cro9S seciions are theo 
taken by levelling, (and sound- 
ing, when there exists a natural 
reservoir), on equi-distant pa- 
rallel lines 0—0, I— I, &c. 

If Öq, 6|, b^. » , bn, be the 
widths — 0, I— I, II — II, 
&c., and if the distance between 
the parallels be «,• the area of the SrnsL is : ^'' ^'''"' 

G=[Ä,-hÄ«-h4(*i + *3+..-f*«.i)-h2tÄ2 + *^ + ...-f*^2)]. y. 

and if, in like manner, F^ F^, F^, &c., be the area of the cross 
sections corresponding to the widths b^, i„ b^ &c., respectively, 
the volume of the daiii : r^^if-tr^ 



ii^B 
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6y dividing the cross sections by parallel lines, drawn at equal 
depths^ we get the means of laying down contour lines of equal 
depth, and so aaoertain the contents of the dam for each depth. 

Remari, The withor't work ** Der IngeBieor," eootiut deliüed iitiHflluM fbr 
metBiiriiig reaervoin tnd dykes. 

§ 72. Dykes. — The dykes or dams of resenroin are genendly of 
earth-work, seldom of stone. The fiice inaide, or next the reser- 
voir is covered with chiy puddle^ and with a carefully laid course 
of gravel. They are carried up of a uniform slope, or with off9et8 
or terraces. They are carefully rammed at every foot of addi- 
tional height laid upon them. Especial care must be taken 
with the foundation, which must be carried down to an imper- 
meable Stratum with which the superstructure must be connected^ 
so that the bed of junction may be perfectly water tight. When a 
water-tight substance cannot be found^ a System of piles must be 
used to insure this most important point of the reservoir's 
efficiency. The depth of the foundations depends on the nature 
of the ground, as above explained, and 5^ 10, and 20 feet deep 
foundations have been executed. 

The dyke, in its main features, is shewn in Fig. 188, having a 

trapesoidal section EK 
or FL. AC,iB some- 
times termed the 
croum of the dam, it 
must be wdl paTed, 
and generally has a 
parapet wall to prevent 
the waah of water 
during high winds 
from damaging the 
™ crown, or washing 
o^er to injure the back of the dam NE or ME. The piece KME 
ol the dyke is termed the middle or centre piece, and the pieces 
ANH and BMC are termed the wings of the dam. As to the 
dimensions of dams, the breast is generally made to slope at the 
rate of 1 to 3, and the back at the rate of 1 to 2. The width on 
the top is very various. For high dykes it varies from 10 to 20 
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FIG. 139. 




feet. A common rule is, to make the width at top equal to the 
height^ but this only applies to dams of small height. The dyke 
should be carried from 3 to 6 feet higher than the highest water 
intended to be in the reservoir. 

Fig. 139 represents a 
Gross section of a dyke for 
a reservoir. ABCE is the 
breast work of clay carried 
down to water tight sub- 
Stratum, BGFC is the 
backing of earth work, AE 
is the paved face, the paving being 4 feet thick at bottom, and two 
feet at top. 

Remark, If / be the length along the top, and ^ the length along the bottom, b 
the breadth on top, and b^ the breadth at bottom, and if A be the height of a dyke 
•Qch as Fig. 146, the cubic contenta of the dam are : 

r= [/Ä, + l^b + 2{lb + i^bi)] -. ^c^l i> 1"^ 

6 

In applying this fonnu]a, it must be borne in mind, that the well-rammed clay does 
not occupy quite one half of that of the earth-work that has not been rammed. 

§ 73. Stability ofdykes, — Dykes are exposed to the pressure, 
and sometimes, though rarely, to the shock or impetus of water. 
They must, therefore, be of proportions that will resist either being 
overtumed or shoved forward by the action of the water; The 
condition under which they resist being shoved forward have been 

examined, vol. i. § 280; and 
we shall now consider the 
question of stability in refe- 
rence to dislocation by rota- 
tion. The water acts on the 
internal slope or breast AD 
of a dyke, Fig. 140, with a 
normal pressure OP = P, the 
point of application of which 
is M is at the distance LM = § 
the depth CA" = § Ä from the 
§ 278). For a length of dam 

-, y being the density of the water, or 

The horizontal component of this pressure 





rio. 140. 




^BH 


H^^^n^^^^^^Jl^ll^H 



surface of the water (vol. i. 
= 1, P = AD . y 
weight of cubic unit. 
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18^: £f s= A . 1 . y • ^ =s 4 A^ y, and the vertical component^ (if 

m be the rektive batter, or mh the abaofaite batter DE of the 

breast), r= mA . 1 . y . ^ = ^ mÄ* y. The weight of the piece 

of the dyke of length = 1, acting at the centre of gravity S of the 

trapesEoidal aection ABCD, is G = ( A + — n~ ^1 ^ >!> ^ which 

ft = the breadth AB, and'n relative, or n A the absolute batter or 
slope of the back of the dyke. From P and G, or from H, V, and 
G, there arises a resultant force OR = R, the statical moment of 
which CN • R, referred to thecomer C, represents the stabUity of 
the dam. If we suppose P, and also H and F, acting in M, the 
statical moment ofP= statical moment of ominös statical moment 
of F=4A'y.ÄQ— 4mÄ«y . CQ = 4 A« y {MQ—m . CQ) 
= 4 *• y [i A — f» (nA + Ä + § mA)] ; 

hence we häve the statical moment of 6 working in a contrary 
direction: 

= 4nA«y, . § fiÄ+ÄAyi(nA+ 2^ +i»A*yi {nh + 6 + J mA) 
= Ayi (*»•*• + nbh + 4ä« + 4mnA« + 4m6A H + m' A*) 

= *^[(^^T^+-«)^ + (» + ?)** Mi'jj-d 

hence we have the stability of the dyk^ : 

«=*([(=T^ + -»)r + (• + ?)" +»'•]'. 

A*- \ 

— [J A — m (» A + 6 + § m A)] ^ y 1. In order now to find 

the point X, in which the line of resistance UWX cuts the base 
CD of the dyke, we must determine the distance CX of this point 

from the edge C, and for this we put : -^^ = -jj^ = fTTTc ' "^^ 
A^ *!.• nir CN.R S /r/'^' + ä«« \A« 

+ (n + f)ÄA + 4*«]y, + [(^ + m«)A+m6]^y) 



or. 
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[(m«-t-2n«-h3wn)y-h(2n+m).3M + 33 «] y|-t-[(2iii'>-l-h3wwi)A-h3m^]Ay 
•* 3([(m + n)*+2*] yi + m*y) 

By aid of this fonnula, other points fV in tbe line of reaistance 
may be found^ if for h different heighta of dyke be introduced^ or 
we may ascertain the stability of any part of the dam bounded by 
a horisontal plane» 

For a dyke with vertical sides, m^ n = o, hence 

a = "^'/l~^'^ = 4 b — ^ , (vol. II. § 10). If the mcli- 

nation of the breast and back be 1 to 1, or 45^, m = n = 1^ 
thereforCj 

_ 3{2h* + Sbh + b*)y^ +(4^ + 8&) Ay 
"*"" 3[2(*^Ä)yiH-Ar] ' 

and if 4 = A, then a = — —* . s, and if v, = 2 y, then 

^ = ft-f A = -ff 6^ or, as in this case the breadth at the base 
b^ = Sb, or 6 = ^ 6|, a = -H- 6^. According to Vauban's prae- 

tice, there is ample security when a = f . ^= ^ b^ (vol. ii. § 11), 

80 that for the last case there is an exeess of stability. All things 
^ considered, it is well in dykes, for great reservoirs, to make 
a at least = 0,4 Äj, or the line of resistance should cut the 
base at 4 tenths of the width of the base from the heel of the 
dyke. 

Eran^le. Reqnired the line of resistance of a dyke, the batter of indination of the 
breast of which m » 1, that of the hack « « ^, the breadth on the summit, or 
crown being 6 » 10 feet. Assnming that the mass of the dyke haa a specific 
gravity = 2. We have : 

a. 2 (3 A« -f 60 k + 300) + 4 * + 30) A 1200 + 300 A -h 17 *^ 
3 (3 Ä + 40 + A) " 24 (10 + h) ' 

hence for A - - 5 feet ; for * - 5 feet, « - ^ = 8,68 feet; for A « 10 feet, 
« "- ^ ■■* *2.29 feet, for A - 15 feet, « - ^ - 16,87 Iteet, for A - 20 feet. 

4oU OOO 

14000 
a = =» 19,4 feet, &c. If the height of dyke be very great, we may put : 

« = -s^-» *"<* * ~ T *» hence - = f|, As f 4 is more than 0,4, such a dam would 
be safe for an infinite height. 
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Xemark. Acoording to the formolA b « J"* in the example vol. i, § 280, if 

we put a » jnA, then 2b ^ (3 — m) A, hence A < 
last example, in which m » 1, A » 6 » 10 feet 

§ 74. Q^Ie/ sbäces ofdykes. — Offlet sluices and dtscharge-pipes^ 
or culverts, must be pnmded in the reservoir dyke. The offlet sluioe 
or regulator^ serves for the diBcharge of any excess of water that 
would accumulate in times of »traordinary wet. The discharge«- 
pipe or culvert, is for supplying the lead or water-courae as cir* 
cumatances reqoire. There may be one or more of each of theae 
acceaaories in a dyke. For instance^ in some dykea an offlet ia 
arranged at the very lowest level, so that the dmn may be com«- 
pletely emptied when oeeaaioa requirea^ and above this^ a aecond 
offlet is laid, by which the water-courae is supplied witfa water to be 
led to the machine that is to receive it as power. 

The offlet-pipes may be either of wood or iron^ or of stone^ or 

may be built culverta. Fig. 
141 in the margin gives a 
general idea of the arrange- 
ment of the drawing-sluice or 
discharge-sluice of a dyke. A 
is the end of the pipe or culvert, 
on the face of which is a flat 
piece of wood or iron B, CD 
is a cast-iron or wooden sluice^ 
board, fitting into guides, DE 
is the sluice-rodf reaching to the 
surface or top of the dyke, E, 
is A cross piece by which, in the 
absence of grooves or guides on the plate on the end of the pipe, 
the sluice is kept pressed upon ita bed, G is a stromg beam having 
a female screw, through which the screw GH passes, and the 
handle or key H being tumed, the screw eleyates or depresses the 
sluice-rod, as may be desired, for opening and shutting the sluice. 

The discharge-pipe must have a sectional area, such that the 
discharge when the water, or rather its head, is lowest^ may be 
sufficient for the supply of the power required for the machine. 
If Q be the quantity of water to be discharged per second, h the 
given least head^ l the length, and d the diameter of the discharge- 

VOL. II. 9 
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pipe, ( the co-efficient of resistance at entrance, and f i the co- 
cfficient for internal friction, then, according to vol. i. § 332, 

or more simply : 



rf= 0,4787 y^[(i + rf + fi X- 



If, theidbre, we take { from the table in vol. i. § 325, and Ci 
from the table in vol. i. § 881, we can determine by approxima- 
tion the lequired width of pipe. As the head is higher, a greater part 
of the aperture mnst be cloaed, so that according to vol. i. § 838, 
there must be introduced a greater oo-efficient of resistance fbr the 
entrance. K the entrance aperture be very small, the water does 
not fill the pipe, and therefore, the calculation is simply referrable 

to the area of the opening F= , where u is to be taken 

/i v2g h 

firom vol. I. § 825. With table of areas of segments, the calcula- 
tions are very simple. The Prolongation of the discharge-pipe 
through the dyke must be of very substantial oement-built 
masonry, and in large dykes should be from 5 to 6 feet high. 

Exttmpk 1. A dUcharge-pipe of 100 fieet long u required to let off 10 
cubic feet per teoond, when the head is reduced to 1 fbot, wfaat most be 
the diameter ? Sapponng the incUnation of the aluioe to be 40*' (equal that of 
the breast of the dyke) then Z » 0,87 ; and the oo-effident ?, corresponding 
to a vdocity of 5 leet » 0,022, we have d « 4787 v^(l,870 d + 2,2) . 100, and 
d » 1,7 satisfies this eqoation yery nearly. Thus, a dischai^ge-pipe of 1,7 . 12 » 20,4 
inches would fiüfil the required conditions. 

Exampk 2. In what position must this slnioe-board be plaoed, in Order to discharge 
only 10 cubic feet of water per seoond, when the head is 16 feet ? If we assume 
that the pipe does not fill in this case, then 

„ Q 10 5 



0,731 . 802 v^l6 11.6 



SS .431 Square fieet 



This Segment of radius i^ reduced to radius 1 » 0,431 . -^^ « 0,598, and from 
2 2,89 

a table of areas of s^^ments we find the hei^t of such a segment to be 5 inches. 

§ 75. fFaier-courses. — ^The water of the reservoir is conducted 
or led to the point at which it is to be appUed, i. e. to the 
machine through which it is to expend its mechanical effect by 
canalsy tvater-courses, and miU-leads. These Channels are gene- 
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rally dug out of the natural soil^ raised upon embankmeuts and 
aqueducts over the deeper Valleys^ and cut as drifts or tunnels 
through the greater elevations that oecur in their course. The bed 
of the canals are formed of Band or gravel, on a bottom of clay^ or 
are hand-laid stones^ or concrete formed with cement, and not un- 
frequently it consists of a wooden, an iron^ or a stone trough. 
The sides of this canal form right lines^ or ita section is a gently- 
curved trapesium, or it is rectangular when it becomes a trough. 
The section of water-courses is from 1 i to 3 times as wide as its 
depth. The slopes of the sides of the course are generally very 
sUght, or none at all in the case of masonry set in cement. An 
inclination of 1 in 2 is given to dry stone sides^ an inclination of 
1 in 1 in the case of compact earth or clay, and of 2 to 1 in the 
case of sand or loose earth. Fig. 142 gives an idea of the con- 
struction of a water-course in loose ground^ not water-tight. 
Fig. 143 represents the manner of formiug such a course on the 



FIG. 112. 



riG. 143. 




side of a hill, where the earth taken from the cut is made the 
supporting bank on the under side. Fig. 144 shews the manner 

FIG. 144. FIG. 145. 





in which it is sometimes necessary to construct the embankments 
for aqueducts. 

9* 
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Fig. 145 is a section of a walled drift or tunnel^ through ground 
not considered impermeable to water, and incapable of standing 
unsupported. The manner of putting troughs together is indi- 
cated in the sketches in Fig. 146 for wood, and Fig. 147 for iron, 

FIG. 146. FIG. 147. 




^y 



where the flanges, bolted together, are further made water-tight by 
what is termed a mst-joint, (a cement composed of sal ammoniac 
and iron filings or tumings). 

The junction of a water-course with a river AA, Fig. 148, 
should be gradually widened and rounded off, and the head D 
substantially finished, so that it may not be injured by freshes or 
objects carried against it in time of floods. Flood-gates or sluices 
have to be arranged along the course, if this be of any consider- 
able extent. These sluices should be made self-acting, that no 
damage may be done to the banks by even a momentary overflow, 

FIG. 149. 
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(the self-acting sluices on Shav/s water-works in Scotland, is the 
most notable case of this self-acting arrangement on record). They 
act generally by a iloat being raised as the water in the Channel 
rises, which float opens a valve or sluice to discharge the surplus 
water in convenient localities. Sometimes a case fills as the water 
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rises^ overcomes a counter-balance^ and in its descent opens a 
valve or sluice, by which the surplus water is discharged. The 
syphon, properly adapted^ forms a simple contrivance^ and is shewn 
in Fig. 149^ where ABC is the syphon with an air-pipe DE. 
When the water in the water-course rises to the height of the 
summit of the syphon^ which is the highest point for safety, the 
syphon fills with water^ and the water is drawn ofP and discharged 
at C, the head being CH, the depth of C under the water surface« 
When the water has sank to the level of DE, the air rushes in 
and stops the action of the syphon. If the water does not fiU the 
section BD of the pipe^ the discharge is made under the condi- 
tions of a weir. 

§ 76. The velocity of the water in a water-course should be 
neither too slow, for then the course chokes with weeds, nor too 
fast, for then the bed of the Channel may be disturbed, and 
besides, too much fall must not be lost in the inclination of the 
oourse. 

A velocity of 7 to 8 inches per second is necessary to prevent 
deposit of slime and growth of weeds, and 1^ feet per second 
18 necessary to prevent deposit of sand. The maximum velocity 
of water in canals depends on the nature of the channeFs 
bed. 

On a slimy bed the velocity should not exceed \ foot. 



clay 


99 


99 


i 


Sandy 


99 


99 


1 


gravelly 


99 


99 


2 


shingle 


99 


99 


4 


conglomerate 


»> 


99 


6 


hard stone 


99 


99 


10 



This applies to the mean velocity. 

From the assumed mean velocity c, and the quantity of water 
to be led through the course Q, we have the section F, and hence 
the perimeter p of the water section. If we put this in the for- 

mula ^ = y- = f . ^ . — , (vol. I. § 867), we get the required 

inclination ^ of the canal, and hence the fall required for the lead, 
whose length s= / is A = 3 /. 

The inclination may therefore be very differcnt according to 
circumstances. As, however, ^ as a mean is 0,007565, and c 
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generally from 1 to 5 fcct, and ^ is something between ^ and 2, 

the limits of the inclinations for the water-course would be : 
0,007565 . i . 1 . 0,155 = 0,000044, and 
0,007565 . 2 . 25 . 0,155 = 0,00605, 

the courses kading from the machine have a greater fall, that the 

maebine may be qmte dear of back- water. The course leading 

from the machine is usually termed the taUrvace, 

Bemork 1. The water-counes for the water-wheels and general uses of the FVej- 
berg mining district, have indinatioiiB varying from 9 » 0,00025 Uii ^ 0,0005, or 
from 15 inches to 30 inches per mile, the tail-races generally .001 to .002. The 
Roman aqueduct at Arcueil, near Paris, has an indination 9 » 0,000416, or 2 feet 
per mile nearly. The New River^ whicb suppUes a great part of London, has an 
inclination ^ = 0,00004735. 

Remark 2. All sudden ehanges of sectional area and of direction are to be avoided, 
because these not only occaaion loss of fall, bat entail other bad effects in the way of 
wear and tear and deposits. Bendä or cnrves should have as great a radius as possi- 
ble, or the teeiionai area shoold be increased there. If r be the mean width of the 
course, and R the radius of curvature, the fall lost by a curve may be calculated, 
according to vol. f. § 334, by the formula : 



*,= [0.m. 3.104 (I-)*]^.Ä. 



until we have further ezperimental data. 

Remark 3. The deposit of slime, sand, and the growth of plants, HiminiahA« the 
section of water-courses, and Call is thereby lost. The water-comnes must therefore 
be carefolly cleaned ont frt>m time to time. 

§ 77. Sluices. — The entiance of water into a water-coorse 
18 either free, or regulated by a sluice. If the water enter imim- 
peded from the weir-dam or reservoir, in which it may be consi- 
dered to be stiU, the surface of the water sinks where the flow 
commences, and the depresuon is proportional to the initial 

velocity in the water-course, and therefore = ^ , which height 

must be deducted from the total fall of the water-course. For 
moderate velocities of 8 to 4 feet per second, this depression 
amounts to only li to 3 inches. 

If the entrance of water into the lead, be regulated by a sluice, 
there are two distinct cases may present themsdves. Either the 
water flows freely through the sluice, or it flows into and against 
the water of the lead. It will generally be found that the depth 
of the water in the lead, is greater than the height of the sluice- 
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opening, and, therefore, there 
occnrs a sadden rise fif at a 
certain distance from the sluice 
AC, Fig. 150. The height 
BC = ar of thia rise ia a fdnc- 
tion of the vclocity v of the 
water in the lead, and of the ve- 
locity Vi of the water Coming up to the sluice, such that 

X ^ ^ 2r-, and if we deduct this height from that due to the 

r ' 
velocity Vi, or ^C =s A = ^ then the head causing the initial 

velocity v is : 

or exactly the same as if the water were discharging freely. As 
the sluice-opening is never perfeetly smooth, there is of course a 
certain resistance increasing the head required by 10, or even more 
per cent. 

If we put G = the area of the section of the water flowing in 
the lead, and F = the area of the sluice-opening CD, then 
Gv = fV?i, and, therefore, the rise 

-="-«-D-(5)']|'. 

and substituting for ^ the height due to the velocity or the head 
^C = Ä, ar = Fl — (^yi *. If the difference x = a — a^ of 

the depth of water a and a^ be less than ll — (7») |a"' ^^^ 

rise occurs further doum the lead, but if it be greater, then the rise 

occurs nearer the sluice, tül at last 
the discharge takes place under 
back-water, as shewn in Fig. 151. 
In this case, the head AB = h has 
not only to produce the velocity v 
in the water of the lead, but also to 
overcome the resistance arising from 

the sudden change of the velocity v^ into the velocity v o( the 
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lead. If we put F= the area of the opening^ and G = the area 
of the lead, the loss of head occasioned by this transition is : 

_ {v, — vY /G Y f^^ 
and hence the fall : 

It is obvious that the difference of level of the water before and 
behind the sluice, is so mach the greater, the smaller the sluice- 
opening F in proportion to the section of the water in the lead G. 

Sxampie, A lead of 5 feet mean widtk> and 3 fieet deptk, supplies 45 cubic feet 
per seoond. It is fed through a aluioe 4 feet wide, and 1 foot opening. Required 
how much higher the water will stand, before the sluice than behind it. G =» 5 x 3 
= 15 Square feet. F» 4 x 1 » 4 Square feet ; o « 4»f « 3 feet per seoond, and 

t,,»iLil=v«ii|£eet. 

Nowas fl — (^)n Y^ «[1 — (t^)*] 2,02-1,88 feet u lessthana — a, 

~ 3 — 1 » 2 feet, it is evident that there will not be a/ree di$ekarge. The fermuln 

A = I 1 + (-— — 1 j I — gives the difference of leyel required 

Ä =« (1 + 2,75>) 0,144 =s 8,56 x 0,144 = 1,23 feet, which must, howcver, be in- 
creased 10 per cent at least, on acoount of the resistances at the opening. 

§ 78. Pipes, conduU-pipes, — Pipes are usually employed when 
smaller quantities of watev are to be brought to supply machines^ 
such as the water-pressure engine^ and turbines of very high fall. 
They have the advantage of much grester pliability than open con- 
duits^ but their adoption instead of open canals, depends entirely 
on local circumstances in the question of relative advantage. 

Pipes are made of wood, of pottery, of stone^ of glass, iron, 
lead^ &c. Wooden and iron pipes are those most usually em- 
ployed in connection with water-power engines. Wooden pipes 
are usually formed from large trees, because straight pipes of 12 
to 20 feet in length, and from li to 8 inches bore, or internal 
diameter^ may be got from this timber. The bore is generally i of 
the diameter of the tree. Wooden pipes are jointed or connected 
togcther as shewn in Figs. 152 and 153. 
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Fig. 152 is a oonical mortice with a Unding ring and packmg 
of hemp^ or linen steeped in tar and oil. Fig. 158 is a connection 
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by means of an iron double spigot going from 1 to 2 inches into 
the ends of the two pipes. 

Iron pipes are the most dnrable and most univenally employed 
of all pipes. They are cast of any diameter^ and have been used 
as large as 5 feet bore. The length of each pipe rarely exoeeds 
12 feet^ and is less as the diameter is greater. For three feet 
diameter^ they are about nine feet long each in England. To 
prevent internal oxidation, they are sometimes boiled in oil^ some- 
times lined with wood^ or with Roman cement. The thickness of 
metal mnst be proportional to the pressure they have to bear, and 
to their diameter^ according to vol. i. § 283. The jointing of 
iron pipes is affected either by flanges and bolts^ as shewn in 
Fig. 154, there being an annular packing betwecn the flanges, or 
by the sjpigoi and faucü, as shewn in Fig. 155, (which is consi- 
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FIG. 156. 



dered the best and cheapest mode, when the packing is properly 
done with small folding-wedges of hard-wood). A collar, or ring, 
as shewn in Fig. 156, is sometimes used. 
The packing is either leather, feit, lead, iron- 
rust, or wood. The more effectually to pre- 
vent all leakage, there is sometimes a small 
internal ring put in (counter-sunk) to cover 
the Joint. A flexible Joint, as shewn in Fig. 157 is sometimes 
necessary (as for crossing a river, where it is necessary to let the 
pipe rest on the original bed of the river). Where the pipes are 
exposed to changes of temperature, expansion-joints, as shewn in 
Fig. 158, must bc introduced, that the expansion and contraction 
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of each considerable length may not injure the pipes or joints. 
The expansion of cast iron is .0000111 of its length^ for each 



Fio. 157. 



FIG. 158. 





degree centigrade, and^ therefore^ for a change of temperature of 
50^^ or from winter frost to summer heat^ the expansion woiüd be 
0,000553. Thercfore, for every 900 feet, there is an expansion 
and contraction of 6 inches. lliis is to be campensaied by an 
arrangement, such as is shewn in our last figure, where the pipe 
B is moveable through the water-tight stuffing-box C. There 
should be a compensation-joint for every length of 800 feet ex- 
posed to a ehange of temperature. 

§ 79. Pipes cannot of course be kdd so as to maintain a straight 
line; but rise and fall^ and tum from right to left in their course. 
It is a general maxim to avoid all sudden changes of direction in 
laying pipes. All bends should be effected by curved pipes, of as 
great radius as possible, or the bore of the pipe shoiüd even be 
increased at bends, to avoid loss of vis vwa in the water. When 
a pipe bends over an elevation, as in Fig. 159, 
there is a disadvantage arises from the coUection 
of air at L, as this contracts the section, and 
would gradually stop the flow of water. To 
prevent this aecumulation of air, vertical pipes 
ALf called Ventilators or umd-pipes, are placed 
on the summit of the pipe, through which air, 
or other gases given off by the water, can be 
diseharged from time to time by means of a 
cock, to be tumed by the inspector of the pipes. To make these 
Ventilators self-acting, the arrangement shewn in Fig. 160, has 
been adopted. In this Ventilator the discharge-valve V is con- 
nected with a fioat S of tinned iron, which is pressed npwards as 
long as it is surrounded by water, and thus keeps the valve shut, 
but falls or sinks downwards when the space about it becomes 
filled with air, and then the valve is opeued to discharge the air. 
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Fio 160. ^^ ***" ^'^^® ** ^^ß highest points of a condoit- 
pipe^ 80 the sand or slime collects at the lowest 
points. l'o remove any deposits of this natare, 
waste-cocki are placed at theae points^ by which 
the pipe is scoured, or separate receptacles for the 
I deposits are attached to the pipes, and these are 
cleared firom time to time, as may be fonnd neces- 
sary. The deposit is favoured by the greater sec- 
tion of these receptacles^ and sometimes by the 
introduction of check or division-plates, which 
still more retard the flow. 
Cocks {orflushing the pipes are introdnced more or less fre- 
quently, according to the purity of the water^ and the rate of flow 
through the pipes^ and seldom at less intervals than 100 feet. 
For asoertaining the point in the pipe where any obstruction has 
oecarred, piezometers (vol. i. § 844), are very useful. 

For regulating the discharge of water throagh pipes — oocks 
and slides, and valves are ased. The effect of these has been 
shewn in vol. i. § 840, &c. In order to moderate the effects of 
the Impulse or shock aiising on the sudden closing of a cock, or 
other valve, it is nsefol to have a loaded safety-valve, so plaoed 
that it will open oatwards when the pressure exceeds a certain 
limit. 

Remark. The nuMt detaOed treaiiae on the rabject of conduit-pipes, ig Geniey's 
^ £88» 8iir les Moyens de oonduire, d'^ever, et de distribuer le8 etnx." Matthew's 
" Hydraulia,'' and the ^ Civil Engineer and Architect's Journal/' oontain much useful 
infonnation on this snbject. Hagen, " Wasserbaukunst/' vol. i. has a ehapter on 
-pipca. 



§ 80. The general conditions of motion in conduit-pipes have 
bera atready discussed. If A be the fall, and l. the length, d the 
diameter of the pipe, l the co-efficient of resistance at entrance^ 
4*1 the co-efficient for friction in the pipe, and C^» &c., the co- 
efficients for resistances in passing bends, cocks, &c., and if t; be 
the velocity of discharge we have : 

A = (i + ^ + 4:,^ + ^, + ..)^ 

and if Q be the quantity of water : 
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We see from this^ that for carrying a certain quantity of water Q, 
so mach less fall is requisite^ the greater the width of the lead. 
If there be two pipes instead of one^ the two together having an 
area equal to the one^ and supposing each to take half the whole 
quantity of water^ the fall necessary is : 

=(..,., .'--i......)C^)'.,-^.. 

so that in this case the fall is greater, or the head required is 
greater, so that it is mechanically better to employ one large pipe, 
than two smaller of equal section when united. 

Calculations for whole Systems of pipes, where there are nume- 
rous sub-divisions of branches, become exceedingly complicated. 
The case in which water is brought from di£ferent sources, and 
the pipes ultimately united, is of the same nature. 

The general nature of such calculations is as foUows. If the 
sub-division takes place in a reservoir which has a much greater 
sectional area than the main pipe, the water comes there again to 
rest, or the whole vis viva is destroyed, and has to be acquired 
again in the brauch pipes. The same loss of vis viva occurs when 
several branches come together in a reservoir, from which one 
main pipe carries off their waters. In this case, the calculation 
reduces itself to a separate consideration of each brauch and pipe, 
and requires no further elucidation. The coüecting reservoir 
should be, if possible, placed at such levels as will ensure the 
same mean velocity in all the pipes, in Order that the loss of head 
or of vis viva may be the least possible. In the case of a simple 
sub-division or fork, it is mechanically advantageous to make 
such arrangements that the water may move in all the pipes with 
the same velocity. If besides this, the branches be curved off 
properly, so that there is no sudden change of direction in the 
passage of the water from the main into the branches, it may be 
assumed that there is no loss of head or vis viva. In the case 
sketched in Fig. 161, let h = the head BC, l the length, and d 
the diameter of the main pipe, and let h^ = the head or fall D^E^,/ 
/i the length, and d^ the diameter of the one brauch, and l(^^ 
= D^^ l^ and d^ the fall, length and diameter of the other 
brauch, and also let c, c^, Cg, be the velocities of the water in 
these three branches^ and lastly, let i be the co-efficient of rcsis- 
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tance for entrance^ and f | the co-efficient for friction of the water. 





FIG. 161. 
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Then, for the length of pipes ACE^, we may put : 

1. F,£.=BC+ A^.=Ä+*. = (c+4)^ + (i +4) ^ 

and for the length of pipes ACE^ : 

But the quantity of water Q = -^ c of the main pipe, is equal 

to the 8um of the quantities Q^ = —r- ^i> *"<i öa = ""T^ ^2 ^f 
the two branches; and bence we may put: 

By aid of these three equations, three quantities may be deter- 
mined. The more usual case is, that of the fall, the length and 
the quantity of water being given, the necessary diameter of the 
pipe is required. If then we assume a certain velocity c in the 
main, we get the width of this pipe by the formula: 

rf = ^ /—z, and we have then only to solve the equations : 

By transformation, we get similar equations for determining d^ 
and d^, as in vol. i. § 332, viz. 



d^= 
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we can^ therefore, as in vol. i. § 332, put : 

and in order to obtain a first approximation to the valaes of di 
and d^, we may omit these from the part under the radical. If 
c^ and Cg come out to be very different from c, attention must be 
paid to the co-efficient f ^^ being variable, and its value for each of 
the pipes introduced and the determination of dy and d^ repeated. 

Exampie. A System of ptpes, to conaist of one main and two branches is intended 
to carry 15 cabic feet of water per müiute by one branch, and 24 cubic feei by the 
other. The leveU shewed that in a leng;th of 1000 feet of main, the ftdl was 4 feet, 
the flrst branch had a fall of 3 feet in 600 feet length, and the second 1 foot in 200 
feet. What mnst be the diameters of the pipes respectively ? If we suppoae a 
velodty of 2§ feet per second in the main, then its diameter 



(acoording to toI. i. §. 436), we put the oo-efficient of resbtance fbr entrance 
K ~ 0,505, the co-effident of friction (voL i. § 435) for velocity c = 2,5 feet, 

Kl » 0,0253, and as 2 ^ » 64,4, and [- j » 1,621, we have for the diameter of the 

branches d,« ' / 0,0253 . 600 + <!, |^y^ . . 2 

V 64,4 . 7 " (0,505 + 0,0253 . 1738) . V 



S 

<^ and d^ ander the radical, we get the approximate values <l, = \/^^'^^^Q^9 ft. 

V 175 

and dj = a/^^^ « 0,52 feet. If we now introduce the value on the right.hand 
V 142,3 

fi 

side of the equation, we get more accuiately rf, = a /IMZ = 0,397 feet, and 

' A' 1750 
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^ = a/-J_£ » 0,53 feet. The diimeter d^ =■ 0397 oorresponds to a Tek)city 

and the diameter d^ » 0,&3 oorrespondB to 

and henoe we shoidd have more acciurately for the fint branch-pipe ?, « 00263, and 
for the other ^ » 0,0270, and henoe with the best accaracy all formula admita 



^. ^0,0263.6^0,3972 ^ ,^/]^ ^ 0.4 f^ ^ .^n.^^ ^ä 
^ ^ ^0.0270. 200^^ 0>5303^ ^^ ^ ,^3^ ,^ ^ , ,, .^^ 



CHAPTER IV. 



OP VERTICAL WATBR-WHEELS. 



§ 81. Water power, — ^Water acts as a numng power, or movea 
tnackine» either by its weighi, or by its vis viva, and in the latter 
case it may act either by pressure or by impacL In the action 
of water by its weight^ it is sapported on some surfaee connected 
with the machine, that sinks ander the weight ; and in the action 
by its vis viva it comes against a surfaee yielding to it, in a hori- 
zontal direction generally, which is in like manner an integral part 
of the machine. If Q be the qnantity of water (or Q y the weight 
of water) avaüable as power, per second, and A, tht fail, or the 
perpendicular height through which the water falls in giving 
out its mechanical effect, then the mechanical effect produced 
is : Zr = Q y . A = Qhy. If again, c be the velocity with which 
the water comes upon any machine, the mechanical effect pro- 
duced by its vis viva, is : 

That water may pass from rest to the velocity c, a fall, or height 
due to the velocity A = — is necessary, and, therefore, in the 
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aecond instance we may also put L-=^ hQy. So that the mecha- 
nical effect inherent in water is theproduct of its weight inio tke 
heiffhißvm which it falls, as in the case of other bodies. 

Water sometimes acta by its weight and vis viva simiütaneously^ 
by combining the effects of an acquired velocity c, with the fall 
k through which it sinks on the machine. In this case, the 
mechanical e£fect produced is again : 

The mechanical effect Pv yielded by a machine is of course 
always less than the above available mechanical effect Qhy', 
because there are many losses occur. In the first place^ all the 
water cannot always be brought to work ; secondly^ a part of the 
fall is generally lost ; thirdly, the water retains a certain amount 
of vis viva after having quitted the machine ; and fourthly^ there 
are the passive resistances of friction^ &;c., interfering. The 
efficiency of a water-power machine may be represented by 

Pv 

fi = Q, y and the merits of different machines are proportional 

to the approximation of this ratio in their case^ to unity. 

From the general formula L=^ Qhy/itiB manifest that fall and 
quantity of water are convertible terms^ so that^ by doubling the 
height of a fall with a given quantity of water, we have the same 
power, as by doubling the quantity of water, and retaining the 
original height. 

Exampie. There is & fall of 10 feet yielding 12 cubic feet of w&ter per aecond. 
jf'f.til "^^ machiae uses only 8,5 feeL however, and the water leaves it with a Tdodty of 
^ 9 feet per second, and the^fiicüön is asoertained to be 750 feet Ibs. ; required the 
efficiency of this machine ? 

The available mechanical effect £ « 12 x 10 x 62,5 » 7500 feet Ibs., and the effect 
of the fall nsed » 12 x 8,5 x 62} « 6375 ft. Ibs. The mechanical effect lost from the 
vis Viva retained in the water leaving the machine is 0,01(5 x 9' x 12 x 62,5 «=94 1,2 ^ 
feet Ibs. ; and the mechanical effect consnmed by friction » 750 feet Ibs. ; and, 
therefore, the usefol effiect of this machlne Pv » 6375 — (941,2 + 750J » 4683,8 

feet Ibs., and the efficiency « ~|^ «:624. 

§ 82. JVater-wheels. — The machines used as recipients of 
water power, are either wheels^ (water-wheels, Fr. roues hydrau- 
ligues ; Grer. Wasserräder) ; or engines with pistons, water-pres- 
sure engines, (Fr. machines ä cohnnes d^eau ; 6er. Wassersäulen* 
maschinen). Water-wheels are essentially '^ the wheel and axle,'' 



cJ'/r 



BUCKCT-WHEEL8. 145 

with water sb power. Presaure-engines oonstst of a column of 
water^ pressing on a moveable piston. 

Water-wheels are either vertical, the axle of the wheel being 
horizontal, or they are horizontal, the axle of the wheel being 
vertical. 

Vertical water-wheels, ooncerning which we shall first treat, 
are either overshot, (Fr. roues en dessus ; Gr. OberscMägige), or 
breast-wheels, (Fr. roues ^k^i^: Gr. MittehcUägige), or under- 
ahot, fFr. roues en desOtl^^T. Unterschlägige). The water 
comes on to the wheel near the top or Bnmmit, in overshot wheels ; 
near the middle or level of the axle, in breast ; and near the bottom 
in undershot wheels. In the first, the water's weight is chiefly 
the source of mechanical efieet, whilst in undershot wheels it is 
the inertia of the water, and in breast wheels, the weight and 
inertia both that are osnally effective. Undershot wheds somc- 
times hang freely between boats in a wide stream, and sometimes 
in a confined course, which is either straight or curved. Breast 
wheels are generally hung in a curved Channel or course. It is 
perhaps necessary to distinguish from the above-named vertical 
wheels, Poncelet^s wheel, in which the water acts by pressure in 
its ascent and descent on curved buckets. 

§ 83. Bucket-wheels.—Wl vertical water-wheels consist of an axle 
of wood or iron, with two Journals or gudgeons — of two or more an- 
nular crotons or shroudings — of a set of arms connecting the shroud- 
ing with the axle, and of a series of cells or buckets between the 
shrouding — ^and lastly, of ^flooring, which reaching from crown to 
crown on their under side, forms a close cylinder. The buckets 
divide the annular spacc bounded by the shroudings and the floor- 
ing into a series of compartments, which when the buckets are placed 
more tangentially than radially, form water-troughs, or ctlls. 
This latter is the general construction of the buckets of overshot 
and breast wheels, which are thus distinct from the simple floats 
of undershot wheels. For overshot wheels, the water is lead on 
to the wheel by a trough or channel having a regulating sluice, 
and falls thence into the second or third cell from the summit of 
the wheel. If then the wheel be once in motion, each cell gets 
partially fiUed with water as it passes the discharge of the water- 
trough or lead, and retains the water tili near to the bottom of the 
wheel, when it falls out, so that there is always a certain number 
of cells filled with water on one side of the wheel, and this keeps 
the wheel continuously revolving. Overshot wheels have been 

VOL. II. 10 
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constructed for falls varying from 8 to 50 feet, and sometimes even 
up to 64 feet in height, and for quantities of water varying in every 
degree up to 50 cubic feet of water per second. It is often more 
advantageous to put up two or three smaller wheels, than one very 
large one ; for the weight of the parts becomes inconvenient. 

The faU of a water-wheel Bhould be measured as between the 
surface of the water at the pentrovgh, or regulating sluice, and 
the surface of water in the tail race, the depth of which latter will 
depend of course on the quantity of water, and on the breadth, 
and the inclination of the race. In order to lose as little of the 
eflFect as possible« the bottom of the wheel should be as near as 
possible to the surface of the race, so that the height from the 
surface of water in the pentrough to the bottom of the wheel, may 
also serve as a true measure of the height offalL If there be any 
risk of back'Water in the race, the wheel must be hung at an extra 
elevation accordingly. 

§ 84. Constmction of water-wheels, — Water-wheels are made 

FIG. 162. 
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of wood or of irotty or of both these materials combined. The 
manner of Ainiting the axle and arms together is various. In the 
case of wooden wheels, they are cither strapped or bolted on to 
the aide of a square axle^ as shewn in Fig. 162^ or they are let 
into the axle by morticing, or passed through it. The Uitter con- 
struction is bad^ and only applicable to light wheels. The arms 
of the framed wheel, Fig. 162^ may be strengthened by braces or 
auxiliary arms. Such wheels of 20 to 50 feet diameter are erected 
for pomping water, for driving ore mills, &c., in the Freiberg 
mining district. A is the axle, B and C are the jouraals or gud- 
geons DEf FG, &c., are the main arms, HM, HL are the auxi- 
liary arms ; DFG, and D^F^Gi are the shroadings of the wheel ; 
K is the pentrough end. The crowns are two rings of wood com- 
posed of 8 to 16 pieces of 3 to 5 inch-thick segments. The whole 
ia put together with screw bolts. There are cross tie-bolts for 
unitiug the two crowns. The interior of the crowns are groaved 
out to receive the buckets. The open wheel A^ is a part of the 
mechanism for transmitting the motion. 

Fin. 163. 
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Fig. 163 is an iron water-wheel. Cast-iron discs, or naves BD, 
are set on the axle AC, and to tliese the arms are attached by 
bolts. An intermediate ring or crown is introduced when the 
^heel becomes more than 7 or 8 feet wide^ and this has either a 
separate set of arms or diagonal arms, as shewn by BG, &c., 
hro " ' ' ii • i ii — »ft /^f »Vi^ oiitpr rrowns, Throujch-bolts 
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But for greater security^ we generally make d = 6,12 . /- 



.2./,/V 



fL 

inches. 

K the axle be square, the aide of the square 

« = ^ / ^\ . d = 0,94 rf, i. e. * = 5,76 ^ /L inches. 

If the axle be made hoUow, the fonuulas given in vol. i. § 209 
and § 210 are to be used with the above co-efficients. Wooden 
axies should be from 8 to 4 times as large in diameter as iron 
axles. 

If the toothed wheel, transmitting the power of the water-wheel, 
be an integral part of it, as in Fig. 168, the axle undergoes a less 
torsion-strain by the moment of the power, and, therefore, its 
dimensions should be determined in reference to the weight of the 
wheel. For this we may make nse of the formulas given in 

vol. I. § 202, Q (^ — l) = J***> i^ ^^^^^ ^® Substitute for 

Q, G the weight of the water-wheel, c the breadth of the wheel, 
/ the length of the axle, and 7^ and l^ the distance of the centre 
of the wheel from the two gud^eons. Hence for a square axle : 

And if for ^ we put 1000 Ibs. as a minimum, and expressing /, 
lyi and l^ and c in feet, we get for square cast-iron axles : 

s = 0,229 ^G(^i^-|) inches, 
and, on the other band,' for round cast-iron axles : 



Wooden axles must be made at least as large again. 

The diameter of the gudgeon d^ is deduced from the well 

known formula given in vol. i. § 196, P/ = ^ r* Ä, substituting 

in it for r = ~-, and / the length of the gudgeon, which is 
generally about equal to rf, its diameter. Hence we should have 
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V32 
— g. . P, for which we may put in prac- 

tice dl =^0.48 i/P, P being the pressure on the gudgeon. 

Buchanan'a rule is dj = 0,241 VP inches. 

The arms of the wheel must evidently be of strength sufficient 

to resist the moment of rotation. If this moment be again taken 

= Pa, and the number of the arms in each set of arms of the 

wheel = n, so that for a double set of arms the total number of 

arms = 2 n, then the moment which a single arm has to resist 

Pa 
= ;7-. If now b = the brcadth. and h the thickness of an arm. 
2» 

and if the length of the arm be equal to the radius of the wheel 

p jj^ 

= a, then, from vol. i. & 196, we have ;r— = M^ -5-, or as Ä is 

made = tnk, or, in iron generally, ^ A, and in wood, -f A, t. e. 

p jr 

— = mh?-^, and hence the thickness of the arms sought, 
measured in the direction of the plane of revolution is : 

Ä = * / — £l£. If we introduce the effect, and number of revo- 
\/ mnK 

lutions of the wheel, then for cast-iron arms h = 10,4 ^ / — 

W nu 

inches. And as the diameter of the axle was found d = 6,12 
/ /—, we have also A = \ _ , or -^ = -^, and, therefore, for 



V 



4, 6, 8, 10, 12, 16 arms, the values of ^ = 1,08, 0,94, 0,85, 

0,79, 0,75, 0,67, and from A, we deduce the breadth *, 
measured in the direction of the axis. 

For wooden arms A = 13,6 J / — , and hence we can deduce 

V nu 

*=^A. 

According to Rettenbacher, the number of arms in a set, or to 

one crown, (of which there are always two at least), is n = 2 

( ö + 1) • If a wheel be 8 fcet wide, or wider, the number of scts 

of arms should not bc less than three. 



AXL£8 AND OÜDOEON8. 



151 



Extm^, A cast-iron water-wheel, weighing 35000 Ibs. gives an dfect of 60 hone 
power, moking 4 revolations per minute ; required, the dimensioiu of ita principal 

ptrts. The diameter of a solid axle U <f » 6,12 J/^ » 13,2 inches, and that of 

ita gudgeons d^ » 0,048 . / 35000 s 5 ^ inches, which might he made 7 inchet. 
V \2 

Bnduman'i fommUi givea d^ » 0,241 VI 7500 « 6^ inchet. For the anna, snp« 

\ 17x132 
poaing two sets of 12 each, the thickness A « * ^ ' « 10 inches, and the 

hretdth ^ ■- f 10 >- 2 inches, (A being n^the direction of the plane of revolution). 

§ 86. Axles andffudffeans, — ^We must make special aUusion to 
the maiiner of putting the gudgeons in the axles, and to the 
/^/«fnmer-blocks on which they rest. For wooden axles, oak or 
larch, or beech, answer exeeedingly well. They are dressed into 
polygons, when the arms are to be framed on the axle, and they 
are squared when the arms are to be morticed through, or into 
the axle. The gudgeons are either spiked in, aa shewn at Z, 
Fig. 164, or they are hooped, as shewn in Fig. 165. Also, plate 
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FIG. 165. 





or flat ends, are used as in Fig. 166, (and these are the most 
common) or rings, as at Fig. 167, or Compound gudgeons, as at 
Fig. 168. To strengthen the neck of the axle, to prevent its 
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Splitting, it is dressed off conically, and three iron rings, i to i 
inch thick, and I ^ to 3 inches broad, are driven on while hot. 
The plates in the flat gudgeon-ends are from 1 to 3 inches thick, 
and about an inch narrower than the diameter of the axle. The 
ring attachment is convenient, when a spur-wheel is to be placed 
at the neck of the axle ; the Compound gudgeon is applied when 
much wear is anticipated, becausc the end plates are easily 
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removed and renewed. Cast-iron axles are either hoUow or solid, 
either round or polygonal in section, and sometimes ribbed or 
feathered to increase their stiffness. 

For solid axles the gudgeon is generally in one piece with the 
axie. Fig. 169 is a simple round axle, Fig. 170 is a feathered 
axle^ and Fig. 171 is the end of a hollow iron axle, with a 

rio. 169. Fio. 171. 



ri6. 170. 




gudgeon put in, and an arm-plate or nave set upon it. 

The gudgeons rest on supports termed plummers or plutnbuig- 
blocks, which to afford a permanent seat for the .wheel, are plaoed 
on substantially founded walls. The plumbing-block is lined with 
a brass or other moveable seat for the gudgeon. These seats are 
either of brass (hence termed generally brasses), or of gun-metal, 
(8 parts copper, 1 part tin), orof white metal^ sometimes they are 
of wood, though seldom. 

The gudgeons rest on a wooden block in Fig. 162. Fig. 172 
is a simple, uncovered, cast-iron block. Fig. 173 is an open 
block, with a metal seat, or lining, and Fig. 176 is a close or 
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4^ ^ 



covered block with metallic lining. The plumbing-blocks are 
bolted down by means of bolts and sole-plates to the walls or 
beams on which the wheel is to rest. The Cover of blocks is 
always provided with a hole, through which grease can be supplied. 
The inside of the cover is sometimes grooved, so that the grease 
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rio. 175. 



diffttaes more readily over the gudgeon. And^ wherever it is 
desired to reduce the resistance from friction to a minimum, a 
grease-cup^ affording a comtant supply, is placed in communication 
with a hole in the plumbing-block cover. 

§ 87. The proportions of water^wheelt. — The firat or main ele- 
ment of a water-wheel, is the velocity of the circumference v^ or the 
number of revolutions u. It wiU be seen in the sequel, that over- 
shot wheels should have a very small velocity. Many wheels haye 
a velocity of 10 feet per second^ bat 5 feet is more suitable^ yet 

under 2^ feet is not ad- 
visable. The velocity c 
of the water entering the 
wheel, should depend on 
the velocity of the wheel^ 
and is either equal to 
this, or greater in a cer- 
tain Proportion. For 
creating the velocity c, a 
fall^ or height of head, 
AB (Fig. 175) = A, 

= — 18 necessary^ Icav- 

ing of the total fall 
AF=h, only the fall on 
the wheel = BF = h^ 

= A — Ai = A — » ^. As even in the casc of the most perfect 

discharge^ 6 per cent of m9 viva is lost^ it is advisable to take it 
as 10 per cent in this case, and^ therefore^ to put the effective 
fall required to bring the water on to the wheel with suitable 

velocity Ai=l,l . 5-, and hence A^^A — 1,1 . „-• From the fall 

on the wheel A^ we deduce the semi-diameter of the wheel 
CF = CS =^ a, by assuming the angle SCD = G, by which the 
point of entrance of the water D deviates from the summit S as 
given. 

Then A, = CF -f CB = a -{• a cos.Q = {l •{• cos. G) a, 

and hence, inversely, a = -= -^. From the radius of the 

' -^^ 1 + COS. e 
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wheel a, and the velocity V at the circumference^ the number of 
revolutions per minute u = . 

When II is givei^ we can determine a and v. Ab t? = —öj^» 

and c = K -^ in which k is a given ratio -, we have : 

and hence o = i—r ^ , and the Solution of this 

1 + cos, ü 

quadratic equation gives : 

, _ v^O,000772 {k uY A 4- (1 -h cos. 9)«— (1 + co». 9) 

^' ^ " 0,000386 (k «)« 

and hence : 

2. r= ^ = 0,1047. ttfl. 

Exan^le 1. Por a fall of 30 feet, a wheel is to be constructed, to have 8 feet 
velocity at drcumference, and taking on the water, at W* from the summit 
with tvdce the above velocity. What ia the radius of wheel required, aod what 
the number of revolutions ?cb2x8«16 feet, and hence A| = 1,1 x 0,0155 

X163. 4.5 feet, and«« j^^.g^^-12,9 feet; lasUy,« 

_J0x8 ^5 
IT X 12,9 

Esample 2. If, inversely, the number of revolutions be 5, then for the above fall, 
and other proportions c » 2, and the radius of the wheel : 

^/2,316 + 3,9125 — 1,978 ^ 0,5177 ^ ^3 ^ j ^^ 
0,0386 0,0386 

Again, the velocity at the drcumference v » 0,1047 x 5 x 13,41 - 7,02 feet, the 
velocity at entrance » 14,04 feet, and lastly, the height of fall due to this latter velo- 
city » A, » 1,1 + 0,0155 X 14,043 = 3,47 feet. 

§ 88. The proportions of the wheel, in reference to depth of the 
shrouding and width of the wheel, are important. The depth of the 
crown (or water space) is made 10 to 12 inches, and sometimes 
even 14 to 15 inches, and this proportion is ehosen, because the 
water in a wheel with afudlow shrouding, acts with greater leverage 
than it would do on a wheel of equal radius with deeper crowns. 
As to the width or breadth of the wheel, it depends on the capa- 
city to be given to the wheel. If d be the depth of crowns, and e 



THB PROPORTION8 OF WATBR-WHEEL8. 155 

the width of the wheel, (or distance between the internal Burfaoes 
of the crowns) then the seetion of the annular spaoe above the floor- 
ing of the wheel ia = de, and if v be the velocity at the middle of 
the crown's depth^ the capacity presented to the water, per second, 
is de .V. But this cannot be considered equal to the quantity of 
water delivered on the wheel, because a certain portion of this 
capacity ia taken up by the substance of the buckets, and it is 
also inexpedient to fill up the bnckets to the brim. We must, 
therefore, put dev ^ € Q, in which equation e > 1 ; e is usually 
= 3 to 5, the former when the bnckets are filled rather in excess, 
the latter when they are deficiently filled. The width of wheel is, 
however, now detennined : ri. h^^L^^''^ i«//, //>- .. 

e = -T-, or as r = -o7^> hence e = ^ = 9,55 3, 

dvr 30 wuad uaa 

and taking «=4, then 6=88,2 -j. That wheels of very great 

diameter may not be too narrow, it is advisable to assume c = 5. 

The nmnber of bnckets n is another important dement in the 
coDStmction of water-wheels. The more cells there are, the 
longer will the water be retained on the wheel. But this number 
has its limits, because the bnckets occupy space, taken from the 
capacity of the wheel, and the more the capacity is diminished for 
a giyen quantity of water delivered on the wheel, the sooner the 
water will leave it. As iron,. that is sheet-iron bnckets, are much 
thinner than those of wood, we may adopt a greater number of 
iron buckets, than we should do of wooden buckets. We may 
follow the rule, to place the buckets at such a distance from each 
other, that at that point where the wheel begins to «pi//, or lose 
176 ^** water, the bücket next above, ABB, 

Fig. 176, shall not dip into the water of 
the one below at B, for if we put the 
buckets closer than this, the upper bücket 
diminishes the capacity of that under it, 
and so what wc gain in one respect is lost 
in another. The number of buckets is 
generally made » = 5 a to 60, or accord- 
ing to Langsdorf n = 18 -f 3 a ; in which 
expressions a is the radius of the wheel in feet : or the distance 

between any two buckets is madc = 7 ( 1 + tq j inches. From the 
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given^ or thus found number of buckets fi, we have the angle of 
subdivision ß, t. e. the central angle between two adjacent 

buckets. fl= . 

' n 

Example, Sappose tn ovenhot wheel of 15 feet nuüus, having 1 foot depth of 
CTOwn, and taking 10 cubic feet of water per second, niakes 5 revolations per min. 

the width of the wheel must be 38,2 12 » 5,1 feet, and the distance between 

5 . 15 . l 

two buckets i8tobe7n+~j>-V'» l^i^ inches, and hence the number of 

buckets » ' *' • ' — » 73, or 72 for the sake of easier division of the drde. The 
15,4 

angle of subdivision is jS « z^ ^ 5«. 
72 

§ 89. Form of buckets. — ^The form of the cells or buckets is of 
much consequence to the efficiency of water-wheels. The buckets 
must have such form and position^ that the water may enter freely^ 
remain in them to as near the bottom of the wheel as possible^ 
but no further. By the various forms adopted^ these requirements 
are more or less perfectly fulfiUed. The two requirements are in 
fact often to a certain extent^ incompatible ; for if the cells be made 
very close^ the entrance^ as well as the exit of the water, becoraes 
much impeded. If the buckets be merely 
plane-boards, as shewn at AD, Fig. 177^ the 
entrance of the water is quite free certainly^ 
but then it leaves the cells too soon^ so that 
there is a great loss of mechanical effect. To 
prevent this too early loss of water, the 
bücket would have to be very long, and the 
angle ADE at which the bücket inclines to 
the radius CE, very large, t. e. nearly a 
right angle. A9 this is a practical difficulty in construction, it is 
preferred to make the bücket in two parts, or by a second piece 
DB, to give the bücket a bottom or flooring of its own. The 
bottom D^'is sometimes termed the start, or Shoulder , and the 
outer piece BA, the arm, or wrist. The former is generally placed 
in the direction of the radius^ sometimes at right angles to the 
outer piece, or arm. The circle passing through the elbow B, made 
by the junction of the Shoulder and arm, is termed the division- 
circfe. In the older construction of wheels, this circle is generally 
found placed at ^ of the depth of the shrouding from the interior, 
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or 8ole of tfae wheel. As, faowever, the capacity of a cell is greater 
the wider the shoulder-blade DB (Fig. 178) is, or the greater the 
angle ABE (which we term the eibaw-angle), we now usually find 
the division-circle in the middle of the depth of the shrouding. 
The capacity of a Cfll will then depend only on the width or 
Position of the arm. The simplest construction of buckets, is to 
make.the end A of the arm AB start from the Prolongation of 



Fio. 178. 



FIG. 179. 



H^. 



^S^i: 




the Shoulder next above it D^B^, or, by letting the arm be included 

between the sides of the division-ansle ß = . But this con- 

struction does not close or cover the cells sufficiently, except for 
very shallow shrouding, and, therefore, the usual plan, for wheels 
up to 35 to 40 feet diameter, is to let the arm extend over ^ of the 
dimension-angle, or the arc EA is made = i- EE^, Fig. 179. 
From the radius CA = a, and the central-angle ACB = ß^, 
included by the arm, we can easily find the elbow-angle ABE=^. 



In the triangle ACB ^CB-CE — BE=za 

a sin, ßi 
^ — a{l—cos.ß^) 



2' *^c" 



tang. ^ = 



Exan^le. A 30 feet wheel, shroading 10 inches deep, is to ^ave according to 
Langsdorfs rule) 18 + 3 x 15 >- 63 buckets, or, say 64, and each is to extend over 
■I of the divifion-angle. What will be the elbow-angle ? We have : 

/3 = *^o « 5^o^ hencc /3 = i x y - 7 V= 7«, 1', 52", 5, and 
. ___lli^LZ!'_lj_^^J_l. 36 . 0,12241 _ 4,40678 

tang, = ^_i5 (i_^ 70^ j/^ 52V5) "^ 1 — 36 x 0,00752 "" 0,72928' 
hence B = 80*, 36'. 



§ 90. The Position of the arm of the bücket may likewise be 
determined, by adopting as a rule, that the least section of a cell 
shall be somewhat greater than the section of the water Coming on 
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FIG. 180. 



to the wheel. If the cells come exactiy under the water-jet, then 
this construction would permit the water to enter freely, and the 
air to escape unhindered. This may be done as foUows. From a 
point of division JBi, Fig. 180, in the divi- 
sion-eircle (or Une qf piich of the buckeU) 
with a radius greater by one or two inches, 
than the thickness of the water-jet or layer, 
describe a circle, and from the next adja- 
cent point of division B, draw a tangent 
BA to this circle. This is the position of 
the arm of the bücket required, for then 
the least width B^N of the cell ABD^ is 
equal to the radius of that circle. Bat in order to determine the 
thickness of the layer of water Coming (from the pentrough) on to 
the wheel, we must know the fall h^ from the surface of the water 
in the pentrough to the point B^N; also the quantity of water, 
and the width e of the wheel. As Q= d^e i/2 yhi, therefore, 

Q 

the thickness in qucstion d, = , 

escape of air, we make di = BiN=r 




and to allow of free 



, + 1 or 2 inches. If 

e V2gh^ 

equal Spaces for the exit of air and entrance of water be aUowed, 

2 Q 

then d, = -=. would be the equation to be satisfied. 

e s^2ghy^ ^ 

Buckets in Ihree parts, as AEBD, Fig. 181, give, asteres 

paribuSy more capacity than those in two parts, without any 

greater contraction. There is, therefore, mechanical advantage 



FIO. 181. 



Fio. 182. 





in this form, though it be more expensive to execute. Curved 
buckets are best of all, as shewn in Fig. 182, and this is the great 
advantage of sheet iron, to which this form can readily be givcn. 
If the section of bücket is to be composed of two Segments of 
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circlesy then it is only neccssaiy to find the position of the arm of 
a bücket, by any of the planes above given — at its bisection M 
(Fig. 182) to ereet a perpendicular, and from any point O at will 
to describe an arc with the radius OB, and from any point K in 
it, to describe another arc to complete the bücket ABD of a suit- 
able form. 

Exanqtle, If in the wheel of our example to % 88, the }et or Uyer of water faUing 
on the wheel has 2^ feet fall, then as : 

« = 10. .nd e - 5.1. rf, - !>:12«L^ „ ^^^ - 0.157 t^. 
5,1 . -v/2,5 8,064 

If now we allow an equal thickness for the exit of the air, then the leatt distance of 
two buckets becomes 0,314 feet, or 3i inches. 

Remark. To find the elbow-angle ^, in that constniction of backet which is based 
on the tlückness of the layer of water, let us put : 

a=180«»— CÄyf =» 180«>— C/iß, — ß,/?//« 180*— (90— ^) - ^ «90«»+ ^— ^, 

bat sin, ^ = _1— = ! . \ihen rf, is the least distance betwecn two bnckets, v / 

^^1 2«,«n.^ . \ , 1^, 

and «I the radius of the dipisum-circle, For the last example, ß ■» 5», rf, = 0,314, R " w > 

fl, =- 14,5 feet, hence nn. it ^ ^^^^ = ^'^^^ - 0,2482, hencc ^ « i4<', 22', / ^ß 

and a - 90» + 20, 30' — 14«, 22' = 78«, 8'. / ' 

§ 91. Shdces, pentroughs, or penstocks. — ^The method of brin^- 
ing the water on to the wheel is of no small importance. Either 
the water falls fireely out of the lead or trough, or it is pent up by 
a sloice, or pentrough, or penstock, before entering the wheel. 
In the former case, the velocity of entrance depends on the incli- 
nation of the trough or the height of fall. In the second case, it 
may be regulated by adjusting the height of head created, and, 
Fio. 183. therefore, this latter method 

should be prcferred. Fig. 183 
shews a trough without a regu- 
lating sluice; but there is a 
waste-board at F by which the 
quantity of water can be regu- 
lated. If the water flows along 
the trough with a velocity c„ and if the fall from the end of it to 
the centre of the cell = Ä„ the velocity 




c = s/2gh, -h c,^ = A^^gh, + (§)\ 
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if Q be the quantity of watcr, and F the aectional areaofthe 
water Coming on the wheel. 

The penstock (Fr. vannes ; Gr. Sparmschutze) is either vertical, 
horizontal^ or incUned. Fig. 184 shewa the arrangement of a 



FIG. 184. 




rio 


185. 


Wß 


^^^^^^^H 


^^^^H 



horizontal sluice, and Fig. 185, that of a vertical sluice. The con- 
struction of inclined sluices as shewn in Figs. 186 and 187. The 



FIG. 186. 



FIG. 187. 





one, Fig. 186 ia the arrangement general in the Freiberg district, 
the sluice being raised and depressed by means of a screw £f. In 
Fig. 187, a simple lever is used for these purposes. It is a general 
mle for these penstocks, to make them as smooth as possible 
inside, and to round off the edges of the orifice, so as to adapt it 
to the form of the contracted vein, that . the resistance may be the 
least possible. K the water, after passing the sluice, fall quite 
freely, and if we can place the plane of the orifice at right angles 
to the jet of water, it becomes then advisable to make the orifice 
as in a thin plaie, but in that case, care must be taken that par« 
tial contraction does not occur, for this gives rise to an obliquity 
of the jet (vol. i. §319). 

In the discharge from penstock s, the velocity of discharge is 
deduced from the height h^ by the formula c, = \^2gh^, and if 
h^ be the height of fall after passing the orifice, to the centre of 
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the cell, then the velocity 
= ^/'^g {9^ h, Vh7). If 



Fio. 188. 



of entrance c == V'c,- + 2 gh\, 
?e take the velocity-co-efficient 
9 = 0,95, then c= \/2g (0,9^h^-hh^. We see from this, that 
for equal falls the velocity of entrance must be very nearly equal, 
whether it flow on freely, or be discharged from a sluice, on to 
the wheel. 

§ 92. That the water may enter unimpeded into the wheel-cells, 
it must not come in contact with the backet at the outer circum- 
ference, but nearer to the inner circumference or bottom of 
the cells. Hence, not only must the outer edge of the buckets be 

sharpened off, but the layer of water 
^^Fig. 188, must be so directed that 
its velocity may be decomposed into 
two others, one of which is in the direc- 
tion of the velocity of the wheel Av = v, 
and the other in the direction AB of the 
arm or wrist of the hucket. As we may 
assume the direction of the outer de- 
ment of the bücket, — ^the velocity at the 
outer circumference of the wheel v, at 
right angles to the radius AC oi the 
wheel, — and the velocity c of the water 
Coming on to the wheel, to be given, we shall have the required 
direction of the water layers if we draw through v a parallel to 
ABy and with c as radius, describe an arc from A as centre, and 
draw from A to the intersection of the arc with the parallel, the 
stndght line Acy or by calculation as foUows : 

The angle which the velocity v of the circumference makes with 
the outer dement of the hucket AB = v AB = 0, may be deduced 
from the elbow-angle AB^ = ^, and the division-angle ACB^ß^ 
by the equation a = ACB + BAC = /9, +/90** — <>J and hence 

From 4>, v and c we have the angle c AB = i/^, by which the 
direction of the layer of water must deviate from that of the arm 
of the hucket in order that the water may enter the cells unim- 
peded : for -7-^ = -, and, therefore, 
stn, 4> c 




, V sin. A V COS. f^- 

stn» w = ^ = ^ — 

c c 



■M 



(See vol. I. § 32). 



Again the angle c AH of the direction of the water-layer to the 
vot. II. 11 
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horuon, is v, =s ^ — >^ + O, 9 being aa a^>xe the angle ACS, 
by which the point of entrance of the J^aler on the wheel, 
deviates from the summit S. 

The relative velocity Ac^ = Ci with which the water enters the 

cells is c, = V^^3^ — ~. 

Esample. Suppoee a water-wheel, the velocity at the drcamferenoe of whidi 
V >- 10 fiMt, the Telodty of the water c - 15 feet, the elhow.«ngle » 7(4», the 
diTition-aiigle ß, — 4^, and the point of entrance of the water deriates 12* from 
the tommit: theu f « go» — (70i»— 4|*) » 24<>» and therefore «m. ^ - 4^ im. 
24* « 0,27116, henoe ^ » 15<»,44^ Thus, that the water may enter nnimpeded, 
the deviation of the layer muit be 15|<* from that of the arm or outer element 
of the backet. The angle of indination to the horizon, or Vj » 24®— 15|^ + 12* 

- 201», and the reUtive vclodty U Cj - 15nn.8M6' ^ ^ 3^3 ^^^ 

9m. 24® 
JUmark. It is generally conndered in older worki on this snbject, that the water- 
layer thould enter the wheel tu the directum qf the arm qf the bücket ^ bat this rule 
it only trae when v — 0, or i^ — j3i » 90®, and theee eaeet nener occur, The devia- 
tion ^ it of course very tmall fbr a whed rerolving tlowly, bat nerer to tmall as to 
allow of oor attaming it as 0. When the water entert in the direction of the outer 
element of the backet, the backet ttriket againtt the water, and throwt it before it 
with a velocity v ein. f , by which vie vwa it loct, and water tpilt. 

§ 98. That the water may reach the wheel with the direction 
required, either the sluice-opening is laid close up to the point at 
which the water is to enter the wheel^ and the sluioe is set at 
right angles to the direction of the layers of water^ or an addi- 
tional trough is laid in the required direction of the layer^ or the 

sluice is so placed, that the 
direction of the parabolic 
curve, formed by the water 
in its free descent^ may be 
that required. The Fig. 189 
shews the pentrough used in 
the Freiberg district, in 
which the bottom piece BD, 
and the lower part of the 
sluice-board are set obliquely 
to the direction of the water-layer^ so that each niakes an angle of 
about 14^^ with the direction of the axis of it. 

In Order to find the direction of the sluice-board, when part of 
the water falls freely into the wheel, we have to recur to the 
theory of projcctiles, given in vol. i. § 38, &c. From the velocity 



FIG. 189. 
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Ac = c, Fig. 190, and the angle of inclination RAM = v, of the 

required direction of the layer to 
the horizon, the vertical co-ordi- 
nate MO of the apex of the para- 
te sin. v,2 , 
and, on 




bola 



IS : oTi = 



2y 



the other hand, the horizontal co- 
ordinate : 

c^ sin. 2 V, 



AM=y,= 



'^9 



If now we wish to place the sluice- 
aperture at any point P of this parabolic curve, and if we know 
the height MN = a, of this point above the point of entrance A, 
then for the co-ordinates of this point ON = k, and NP = y, we 
have the forraulas : x = a*j — a, and 



^=^'a/^ = ^'a/v 



which the parabola 



lang, r = 



and for the angle of inclination TPN = 
makes with the horizon at this point, 

TN _ 2 ON _ 2x 
PN^ PN " y' 

The plane PK of the sluice-board, must be set at right angles to 
the tangent PT ; and thus we find the required position of the 
sluice-board, if we sct off the abscissa ON in the opposite direction 
OT, draw PT^ and erect a perpendicular to it PK. 

If the sluice aperture be set at the apex of the parabola, then 
the sluice-board will have to be vertical. 



The velocity of discharge at P is Cq ?= Vcr — 2 ^ « , and the 
corresponding theoretical pressure height Aq = *> ^> ^^ ^^^ 

effective height = 1,1 (« ^)> ^^^*^ ^^^ orifice is nearly 

rounded. The breadth of the sluice-orifice is made a little less 
than the breadth of the wheel. 

Bxan^le. For velocity c » 15 feet, and angle v^ » 2(4^ (see example to last 
Paragraph), the co^rdinates of the parabola's apex are xj » 0,0155 . 15< (ftn. 20^<^)* 
» 0,43 feet, and y^ » 0,0155 . 15* . «m. 40^ « 233 feet. If now, the centre of 

/:»-'X 11* 






>jr, - £ t>i» 



\'i 



X, - 



1 / 



^,t^ 



V, 



t 



.-/;; 



^/ 









V. 



164 



EFFECT OF IMPACT. 



A 



the sluice-aperture U to be 4 inches — 0^33 feet above the point of entrasce, then 
the co-ordinttes from the centre of the opening : 

jP - 0,45 — 0,33 - 0.1 y - 2,33 \/^^ - 1,11 fe«t, tnd 
*Q V 0,43 

tang, v « ^'— « 9*, 58', and henoe the inclinatloB of Ute sluice-board to the hori- 
1,11 

zon is - 90» — V - 90» —9», 58' - 80», V. 

§ 94. Effect ofimpact. — ^In the ovenhot whecl, the water acts 
in 8ome degree by impact, but chiefly by its weight. We dctcr- 
mine the effect of the shock^ by deducting from the whole effect 
corresponding to the vU vwa which the water cntcring the wheel 
possessea^ the mechanical effect retained by the water when it 
leaves the wheel^ and that lost by the osciUatory and eddying 
motion of the water in the cells. The vdocity of the water leaving 
the wheel may be aasumed as equal to the velocity v^ of the wheel 
in the division-circle, and hence the mechanical effect retained in 



this water is tri- q y. 
2ff ' 
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The mechanical effect lost by the oscillation 

and eddying motion of the water may be put equal to ^^ Q y, 

where t;^ is the velocity suddenly lost 
by the ¥rater entering the wheel. If, 
therefore, c^ be the velocity Bc^j Kg. 
191, of the water entering the wheel, 
the mechanical effect still inherent in its 
vis Viva is : 

But the velocity e^ may be decom- 
posed into two others Bv^ = rp and 
Bv^ = t?2, of which Vi is exactly the 
velocity retained by the water as it moves on with the wheel, and 
therefore v^ is the velocity lost. If we put the angle c^ Br^, 
which the direction of the entrance-velocity c^ of the water makes 
with a tangent B v^ (the direction of the velocity of the circumfe- 




rence) = /i, then we have t?. 



2 _ 



= C, 



H- v^ — 2 Cj t?i cos, /x, and 



therefore the mechanical effect in question : 

l^ = /gj^ — Vl^ — gj^ — t?!^ 4- 2 Ct t?! COS. il\ Q ^ ^ 
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and y = 62,85, L = ^ jOOO >(C| cos. fi — v^) v^ Q feet Ibs. 

It is evident tfaat the mechanical effect of impact is so much the 
greater, the greater c^ is, and the less /i ; and by coniparing with 
voL I. § 886, it follows that this effect is a maximum when 
y^ = 4 C| co$. fi. The maximum effect corresponding to this 

C COM u 

latter ratio is ^ ^ ' " Qy ; er when fi =» 0, or ca$. /* = 1, 

then L = \ . ^ Q y. As ^ is the (all due to the velocity c„ 

it follows, ihat in the most /avaurabl0 ease^ the ^ect of impact 
is only half the available tffect. Hence the least possible part of 
the fall should be spent to produce impact, as much as possible 
being employed as weight. Suppose, for instance^ we make 

Cj cos. fi = »1, therefore, c^ = — 1— , wc sacrifice a height of fall 

v^ . 

5 j, without having any mechanical effect in retum, but if 

we make c, = ^, we expend four times that fall, viz. : 

* cos. /* *^ 

4 . s 5* and yet we have only : 

2^ COS. /*^ •' ' 

and lose thereby the amount of fall represented by : 

(4 \ t7 ^ 
i — 2 1 ^ and even if we assume a = 0, or cos. /* = 1, 
COS. /** / Zff^ 



V: 



2 



the loss of fall is 2 . ^ or double as much as when we avoid all 

shock, or bring the water on to the wheel with the velocity with 
which the wheel revolves. Again we perceive that the efficiency 
of the wheel will be greater the less v^ iSy or the slower the wheel 
revolves. It is true that the capacity of the wheel, its width e, 
and therefore its height, must be greater as the velocity of revolu- 
tion V is less ; and as the Journals of a wheel must be of greater 
diameter the heavier the wheel is, and as the moment of friction 
increases as the radius of the Journal, the mechanical effect consunied 
by the Journal friction in the case of the wheel revolving slowly, 
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FlO. 192. 



niay be ^rcatcr than in one moving more rapidly ; and hence we 
perceive that it by no mcans follows as a matter of course^ that 
the slüwer a wheel revolves, the greater its efficicncy will be. 

§ 95. Effect of the watet' s weiyht, — The cells of a water- wheel 
when fillcd, form an annular water-space AB, Fig. 192, which is 

termed the water-arc, as the 
water enters at the upper part 
of this arc, and leaves it at the 
lower end, its height h is the 
effective fall, and therefore the 
mechanical effeet given off by 
the weight of water = A . Q y. 
The height of the water-arc may 
be subdivided into three parts. 
The first part HM lies above the 
centre of the wheel, and depends 
on the angle SCA = 9, by which 
the point of entrance deviates 
from the vertical passing through 
the summit of the wheel. If 
again, we put the radius of the 
wheel CA = a, the height of 
the upper part of the water-arc 
MH = a cos, 0. The second 
part MK lies below the centre 
of the wheel, and depends upon the point Z), at which the wheel 
begins to lose water, or to spill, If we put the angle MCD by 
which this point lies below the centre of the wheel = X, then this 
second height MK = a sin. X. The third part includes the arc 
DB, in the course of which the wheel empties each bücket in tum. 
If we put MCB, the angle by which the point B, at which the 
buckets are emptied, deviates from M the centre of the wheel 
= X„ then the height KL = a {hin. Xj — sin. X). Whilst now in 
the two upper parts of the arc, the water has its cntire efifect, it 
communicates only a part of its mechanical effeet to the wheel in 
this third part, because here, it gradually quits the wheel, and 
therefore the total effeet of the water^s weight must bfe represented 
by a {cos. G + sin. X) Qy + fl {sin. \ — sin. X) Qj y, when Q^ is 
the mean quautity of water effective in the lower division of the 
water-arc. 

If we combinc with this, the effeet of the impact of the 
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water, we have the total mecfaaaical effect of an ovenhot water- 
wheel : 

+ a {sin \ — sin. X) Q, y; 
or if we put the height a {cos. 9 + sin. X) of the part of water-arc 
Uking up the entire effect of the water = A„ and the remaining 

part a sin. \ — sin. X) = A„ and the ratio ^ = f, then : 

and the force at circnmference of the wheel : 

Bxampk. The vdocity of entmioe of the water on an ovenhot wheel of 30 feet 
duuneteriae, » 15feet, thevdodtyv, ofthe divitioii.cirde-9|feet. The an^e 
hy wbich the direction of the water-layer devUtes from the diiection of motion of the 
wheel at the point of entranoe is 8^^ and the deviation of thU point from the tum- 
mit of the wheel i» 12>. The deviation of the point where the wheel hegina to lote 
water from the oentre of the wheel X - 68i», and the deviation of the loweat point 
in the water-arc from the centre of the wheel, or X, » IW- Lastly, the qoantity 

of water going od to the wheel » 5 cnUc leet per teoond, and le - ^ii «sauned 

a» |. Required the effect of the wheeL Rr*t, the eifective hn^jKUiUfaU - 0,031 
(15 eo9. W^n) . 91 « 1,60 feet ; and the effective w€ight.faü u : 
15 {CM. 12« + «Ai. 58i») + «,• («m. 70i»— m. 58*>) = 15 (1,8307 + 0,0450-28,14 
feet, and henoe the total eflbct of the wheel ia (1^ + 28,14) . 5 . 62,25 - 9256 feet 

Ihs. a 17 hone power, and the force at the aviaion-circle it £^ « lOOO ponnda 

9f *^ 

neariy. 

§ 96. We easQy pereeive from this^ that for the exact determi- 
nation of the effect of the weight of the water on an overshot 
wheel^ it is essential to know the two limits of the arc in which 

the wheel loses its water^ and the ratio c = ^ of themean quan- 

tity of water contained in the cells in this part of the water-arc^ to 
that originally received by them. On this subject we mnst now 
endeavour to ascertain the necessary rules. 

If there be n buckets in the wheel, and if it make u revolutions 



S^OtJ "^ 



per minute, there are presented^ cells per mtiHrte to receive the 
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quantity of water Q, and therefore into each cell there goes the 
quantity F = Q : ?^ = ^^. Uehe as hitherto, the width of 
the wheel^ then the section of the prism of water in any cell 

If now DEFG, Fig. 192, be the cell at which the water begins 
to spill, then the »ection : Fq = segment DEF + triangle DFG, 
oras the triangle DFG = triangle DFN — triangle' GiV, then 
Fq = Segment DEF + triangle DFA^— triangle DON. If we 
put the area of the segment DEF = S, and that of the triangle 
DFN^ D, than the triangle DGN= S + D — F^, bat as the 

DN NG 

triangle DGN is also equal to ^ = i rf' tang. X nearly, 

we have approximately, (and the more accurately the greater the 

number of buckets) ianff. X = j—ß — ^ . Thus the angle 

Jlf CD = X, corresponding to the point at which the wheel begins 
to empty itself, is determined. Each cell will have emptied itself 
when the outer dement of the bücket becomes horizontal, if there- 
fore the angle CBO, which this outer element, or the wrist of the 
hucket makes with the radius = Xi, then X| gives us the angle 
MCB, which fixes the point where the oells have emptied them- 
selves. In order, therefore, to find the effect of the water on the 
discharging-arc, let us divide the height KL = a {sin. X^ — sin\) 
into an even number of equal parts, indicate the position of the 
hucket for each of these points of division, draw horizontal lines 
through the sections of the water in the cells for each of these posi- 
tions, aud reckon the areas F|, F,, F^. . . Fn of these sections. 
The mean value F of these may be determined by the Simpsonian 
rule, putting 

^_ Fo-fF. -f 4(Fi-hF3 + ... -hF,-i) + 2(F, + F, + ...F^g) 

3n 

and from this we get the ratio of the mean quantity of water in a 
cell in the discharging-arc to the quantity in a cell before it begins 
to empty itself : 

_Q,__F_^ Fo + Fn + 4(F, + F,-h..-HF..i)H-2(F,-i-F^ + ..F^,) 
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Exarnffle. Tbere «re 300 cubic feet of water per minote tupplied to a water-wheel 
40 feet in diameter, making 4 revolutions per minute. Wbat is tbe effect of such a 
wheel ? U we suppose the depth of the shroadiog to be 1 foot, tben tbe width of 

tbe wbeel - ^ '^^ ^ . ?? = 2.4 fcet. If tbere be 136 buckcU od tbe wbeel, 
T. 40 . 1 . 4 4ir ' 

300 75 

the quantity of water in eacb cell : V » ^ ——. » 0,5515 cubic feet, and 

4 * 136 136 

bence the section : F - ^^^ »quare feet = '^^ - 0t&515 ^ ^^^ ^^^^ .^^^^ 

BjT aocurate measurement on tbe buckets tbemtelvet as they are represented in 
Flg. 193, tbe area of tbe segment AgBD is 24,50 tquare incbes, and tbal of tbe 

FIG. 193. 




triangle AqFD « 102 Square jncbes, bence for tbe commencement of discbarge : 

i . 144 72 

Tbe angle at wbicb tbe wrist oi tbe bücket meets tbe radius is X| « 62<^, 30^, and^ 
therefore, tbe beigbt KJ^ oi tbe part oi tbe discbarging-arc retaining water is 
x=: a («m. X, — #m. X) » 20 (0,8870^0,7920) » 1,79 feet. If witbin tbis beigbt 
we delineate three relative positions of a bücket, we find by measurement and calcu- 
lations tbe section of tbe water>space in tbe bücket for tbese positions : F^ » 24,50 ;. 
F^ « 14,48, and F^ « 6,60 Square incbes. As now, tbe section at tbe commencement 
is Fq » 33,09, and at tbe end it is f; « 0, we sball find tbe ratio : 

- £. 33,09 4- 4( 24.504- 6,60 ) -i- 2 . 14,48 15,5375 ^ ^ -q 
* " Fo "" 12 . 33.09 "^ 33,09 ^ ' 

If, again, tbe water enter tbe wbeel at 10*^ below tbe summit, and with' a velocity 

Ci » _^L- so tbat tbe water acta without sbock, tben tbe wbole mecbanical effect 
eoi. /i 

giren off by tbe wbeel, neglecting tbe friction of tbe axle, is : 

£ » a [cot. e + tm.X'k' 0,469 (tm. \^nn. X)] x 5 x 62,25 

» 20 (0,9848 + 0,7920 + 0,469 . 0,085) 6600 » 1,8167 . 6225 » 11308 feet Ibs. 

=> 20,5 borse power. 

§97. Number of buckeis. — As we have above indicated, the 
capacity of the wheel to hold water should be made as grcat as- 
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FIG. 194. 



possible^ or the buckets should retain the water as long as possi- 
ble, 80 that aeteris paribus, the maximum effect of the fall of 

water is obtained when the buckets 
are placed so close^ that the water- 
surface AH, Fig. 194, in the 
bücket beginning to empty itself, 
is in contact with the bücket 
A^ B^ Dj next above it, If we 
take this condition as basis, we 
can deduce a formula for deter- 
mining the number of buckets. 
From the angle of discharge MCF 
= FAH = X, and the depth of 
the shrouding AF=zd, we have, approximately, FH^d . fang. X. 
If now we assume the divisum-ctrcle to be at half the depth of 
the shrouding, we may then put : 

D^H^ D^F^ \FH^\d tang. X. 
If, again, we introduce the angle of division ECE^ = /9, and the 
bucket-angle ACE = /8„ we get the angle ACE^ ^ ß\ — Ä and,* 
approximately, the arc DyF =^ öj (ß^ — ß). By equating the two 
values of D^F we have a^ (ß^ — ß) = 4 rf tanff. \ and, therefore, 

"1 
If the thickness of the buckets 9 = 0, then of course the num- 
ber of buckets would be 




n = 



36O0 

ß" 



2ir 
ß 



ßl- 



4 — /ö«y- ^ 



but as the space occupied by the buckets is something consider- 

able, we must take it into calculation, and thus make the division- 

g 
angle greater by an amount corresponding to an arc — , or we 

must take : 



n = 



^"-^-A 



If we introduce tang. X = 
then we get : 



. X 



and Fq = 



60Q 
nu e 
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= «(^1 



S4-D 60Q \ 

a^ d nuaid e ) ' 



and therefore the required number of buckets : 

- 2wua ^ de — 60 Q 

**"" [ß^a.d'hs'd—iS'^' D)-] ue 

If WC put de = -TT > tken we have more simply : 

TT üyd 






ß^a^d^sd- 

and if wc take Z> = 4 /9i «i rf, then ; 

a| d 



•(S^-DY 



n = i 



FIG. 195. 



\ß^ü^d-{-sd—S' 

It ia also easy to perceive that the angle of discbarge X is gtill 

more increased^ when (as is repr^- 
sented in Fig. 195) the bücket 
immediately following that which 
is about to discbarge^ comes in 
contact with tbe snrface of tbe 
water AH^, in that backet^ with 
9iflMt iurface instead of a comer ; 
OT, when the wrisi of the bücket 
is not set in a radial direction^ but 
in such a position^ that shortly 
before discbarge commences^ it is 
horizontal. In this case^ the Seg- 
ment or triangle S = A^ B^ Dp is increased by a triaugle B^ D^ H, 

S 4- D— F 
and hence iang. X = . ^ — ^, and therefore also the angle 

of discbarge X becomes greater. 

Iron buckets are always rounded at the comer B. 

ExaaqtU. What nunber of buckets sbould be put in an ovenbot wbed of 40 feet 
diameter, and 1 foot in wi^h, givcn /SjO = 4» or ß, « 0,06981, S - 24,5 Square 
inches « 0,17014 Square feet, and tbe thickness of the buckets t = 1 inch =- 0,0833 
feet. According to our formnia : 




19,5 



9,25 T, 



155, 



" ^ r. 0,06981 . 19,5 + 0,0833 — 0,17014 0,5939 
which for the sake of facility of division, wc may take 152. 

Remark. The construction of bücket shcwn in Fig. 195, bas another advantage, 
viz. that for it, a less width of whecl is necessary, as it is impossible to make the 
wbeel-space = four times the capacity of the water-space (see vol. 11. § 92). 



Ifwe 
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hat introdnce S^i^i^ß^di^^tP tmtg. X, and m S - i rf' /«y. X + f,— P, 

i^lA^r:£*, aDdhence: 



tnd D « f «, ß, tf, we obtain : tmig, X > 



4^ 



FIG. 196. 



If we neglect the thickiiess of ibe bockets, tben e « ^ . —j or a much leu 

widtb of wbed tban was assumed at § 92. We see from tbis tbat we sbould ap- 
prozimate as neariy as potäble to ibe limiU of bocket constnictioii, of wbkb we 
baye now been treating. 

§ 98. Effect of cefär\fayal force. — For equal velocity of the cir- 
cumference, small wheels make a greater niunber of revolutions 
than large ; but the uniform motion of the machine^ or the nature 
of the work to be done, as sawing^ hammering, grinding, &c., 
&€., require^a certain velocity of the wheel. Hence small wheels 
frequently make a great number of revolutions per minute. But 
at such high vclocities^ the cenirtfugal force of the water comes 
into play to such a degree that the inclination of the surface of the 
water in the buckets to the horizon is oonaiderablej and thei^ore 
the discharge commences much earlier than 
would be the case« if the wheel were 
moving slowly. We have found (vol. i. 
§ 274:), that the aurfkeea of the water in 
the buckets^ are a aeries of cylindrieal hol- 
lows^ the common axis of whieh Oj Fig. 
196y runs parallel to the axis of the wheel, 
and lies at a height : 

the axis C of the wheel. This distance in- 
creases therefore, ifwersely as the Square 
of the number of revolutions, and becomes 
small for a great number of revolutions. 
Hence we at once perceive that the water-surface is horizontal only 
at the summit and at the bottom of the wheel^ and that at a 
given point M above the centre of the wheel the deviation from 
horizontal is a maximum. 

The deviation HA W ^ AOC == x for any point A, at a dis- 
tance ACM = ^ from the centre of the wheel, is: 
. AH a COS. X 
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For a point A^ above M, A is negative^ and hence : 
iavff. X = T -: — ; • '^ ^^ l*y off * tangent OA from O, we 

have in the point of contact A^, tfaat point at which the deviation 
from horizontality is greatest, or where x ^^ a maximum, and 

= X, sin, X '>€"ig> however, = j. 



1 13^' 



Exmmpie 1. For a wheel, making 5 revolutions per minute, k » -— . » tM ft./. 

2o 



the radial a being a 16 feet, and the diacharging-angle X 
16 cot, 50» 10,285 



50*. Theo : 



tang. % ^ 



, thereföre, % — 4^ 39^, m that the turface 



114 4- 16 «m. 50 MM66' 
of the water deviates in this caae 4^ degrees from the horizontal. 

Eararngfle 2. For a wheel, making 20 rerrolotiont, * > ^^ - 7,125. If, therefore, 

a B 5, X » 0^, then tang, x - =-^» henee x - S5«, »'. At an angle of 44«, 34' 
7}125 

above the centre of the wheel, the deviation is as mach at 44^ 34'. 



wiQ. 197. 



M 




§ 99. If uow we take into consi- 
deration the effect of centrifugal force, 
as is obviouslj necessary in the caae 
of wheels revolving rapidly^ the for- 
mula we above found for the arc of 
discharge must be replaced by others. 
Let Aq (Fig. 197) bc the point at 
which discharge commences^ MCAq 
= HqAqG^^ X the angle of discharge 
HqAqWq = AqOC = X Ae depression 
of the water*8 surface below the hori- 
zon, or the angle 0^4^ ^^ = X + x, 
and the A Aq G^W^ ^ \ d . d tang. 
(^ + X) = i rf' tang. (A -h x). If 
we now put the contents of the Seg- 
ment AJBfi^ = 5, that of the A Af^o 
= D^ and the section of the body of 
water = ig then F^'\-\d^ tang. (X + x) 



z=: S '\- D, 4»»^ therefore : 
tang. (X -h ^j) = j-^ä • 



^^o^ 
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But 



sin. ApC _ CAq 



8tn. OAf 
and hence foUows : 

2. sin. 



CO' 



X = 



f. e. 



9tn. X 



^n. [900 — (X + x)] 



a 



a COS. (X -f x) 



When by the first formula^ thc value of X -f- j^ and by thc 
second, the value of x the depression^ have been found^ we obtain 
by subtraction of the two angles X = (\ -f x) — x* 

rio. 198. At the end A-^ of the angle of 

dischargei the outer end of the 
bücket coineides with the water's 
surface A^JV^, and therefore CA^fV^ 
= Xi + Xr^t this point = the known 
angle ^ depending on the form of 

hucket. Hence sin. xi = — r"-— 

and Xj = ^ — Xu that is, the angle 
by which the end of the arc of 
discharge deviates from the centre 
of the wheel. 

If the height H^ H^ = h^ =: a 
{sin Xj — m X), Fig. 198, of the 
arc of discharge, be divided into 4 
or 6 equal parts, and the filling of 
the bücket for corresponding posi« 
tions be determined, we can again 

find the ratio ic = -^ = •=- of the 

Q ^0 
mean contents of the buckets during 
the discharge, to the contents before 
discharge commences, and so calculate the niechanical effect of the 
water in the arc of discharge. For this the above formula must 
be used inversely. In this case X is given, hence : 

tang. x = ^ y""' .^ , and F= S + D — W' iang. (X + X), 

If the water does not fiU the entire segment, or if F < S, or 
i rf* tang. (X 4- x) > A then we must put : 

F = segment ABD— A ADK, 
and in the case of straight buckets : 




6\ 
C 
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^ ^ * ''^ • ««. (X + x) ' 

in which rffia the diagonal AD and ^^ is the angle DAC included 
between this and the radius CA. 

Srample. A nDall wooden water-whed (Fig. 198) 12 feet high, 1 foot depth of 
shrouding» and 4 feet wide, receiTes 1080 cubic feet water, when making 17 revolu- 
tioua per minute, reqaired the mechanical eflfect prodoced by it Here, c » 6, 

<f »1, e»4, a, -5,5, Q . 1^ - 18, « - 17; allowing 24 backeU, 
60 

D - 0,652, «nd S- 0,373, then tm^. (X + x) - M73 + 0,652 — 0,662 _ „^j 

l 



/v 



A ^<: ./.' /i L .,t % s ({ , r\.X CüS^X 



/...c^ 






l 
I 

: _' . . / /'-• 5- i /i v^X' 



JK <, 



'J5 

f 









l 
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_ tm. AfiC _ CA» . m. y a 

»in. OAf ~ CO' *' *• »in. [90° — (X + x)] ~ *' 
and hence foUows : 

2 «« ^ _ " ^'- (^ •*• X) 
4>, 8tn» Y ^ r • 

When by the firat formula^ the value of X + x^ and by the 
second, the value of x the depression^ have been found^ we obtain 
by subtraction of the two angles X = (\ -f x) — X' 

rio. 198. At the end A^ of the angle of 

discharge, the outer end of the 
bücket coincides with the water's 
surface A^JV^y and therefore C^jiTj 




l i^y i. / / / 



l k JJ ^S A' 



;4 i- 



.^jKf <V» z 



di 
Wl 

be 
ti 



2.^'i /// / 



an 
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* ^ • ««. (X + x) ' 

in which dfis the diagonal ^^D and ^^ is the angle DAC included 
between this and the radius CA. 

BsNnHple. A smaU wooden water-whed (Flg. 198) 12 feet high, 1 foot depth of 
shnHidiiig, and 4 feet wide, recäves 1080 cabic feet water, when making 17 rerola. 
tiona per mmute, reqoired the mechanical effeet produced by it Here, c » 6, 

d^ l, e»4, a,-5,5, Q » 1^ - 18, « - 17 ; aUowing 24 bucketi, 
60 

/Ji-^-lM, •i«l/',-_2^^_|| _ 0,662 tqiu« feet. If .g.in, 

ß - 0,652, «ad 5- 0,373, tbm tmig. (X + x) - ^^''^ * 0.652 — 0,662 _ ^^^ 

X 2 » 0,726, therefoi«, X + x - 3d», 50". Bat CO - il - ^^ » 9,86 feet, and 

henoe «m. x - ^'^'^^^'^^ - 0,4924, hence X'^W, SO', and X - 6«, 29". Thus 
9,86 

the disehaige oommencet in this caae at only 6^^ below the oentre of the wheel. 
To find the point at which the diicharge is complete, we have in the present case, 
(in which water hang« in the hucket, althongh the water*! guriaoes touches the onter 

cztremity of the backet) to put in the formula «m. Xi "■ ^ ^' » instead of a, the 

radlna of the divition-circle «i » 5,5, and inatead of ^, the angle formed by the onter 
dement of the backet and the radina, and which is here 79^, 14'. Hence : 

M'm. X, - ^'^ ^IT* ^^ » therefore, /« 5«, 5^, and the »econd angle of diacharge 
9,86 ' I 

X, » 79», 14' — 5«, 59^ - 73«, 15'. Hence, the height of the arc of discharge, 
A^-a,, «m.X| — a«m.X -5,5 «tu. 73», 15' — 6,0 «m. 6«, 29^ - 5,2666 — 0,6775 
» 4,589 feet. Diyiding this height in 4 equal parts, we determine by delineation, 
by measorement, and calcnhition, the oorresponding three intennediate values of F. 
The resulU anired at are iP, *- 0,501, F^ - 0,409, and F^ - 0,195, and therefore 
the requiied ratio of the sections : 

^ F 0,662 - f 4 (0,501 + 0,195) -h 2 . 0,409 ^ .•- 
* ** F 12.0,662 "'^^^' 

and the mechanical effbct prodaced by the water during the descent of the arc of dis- 
ehaige : L, » K . VQ y - 0,537 . 4,589 . 18 . 62,25 - 2755 feet Ibs. If the water 
feil with a Telodty of 20 feet, 20 degrees ander the summit of the wheel, in such a 
direction that it deviated 25** from the tangent at the point of entrance, then, the 
remaining effeet of the water's pressure : 

X, - (5,5 CO«. 20» + 6 «m. 6»,29') 18 .62,25 - 5,854 . 1120 » 6556 feet Ibs. 

and the dfeet of unpact, the velocity in the division-drde v^ being — '^ !■ «9,791 

feetisX,«0.032(20eos.25* — 9,791) 9,791 . 18.62,25-2,611 x 11,20»2974 
feet Ibs., and henOe the whole mechanical effeet produced is : 
I-It + Is+I,» 12305 feet Ibs. 
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§ 100. FHction of the gudgeons, — ^A not inoonsiderable portion 
of the mechanical effect of overshot wheels is lost in the mecha- 
nical effect absorbed hyfriction on the gudgeons. Let the weight 
of the water-wheel^ together with the water in the buckets, = 6, 
the radius of the gudgeon = r, then the friction is =fG, and 

the velocity at the periphery of the axis = r = -qtj- > and hence 

the mechanical effect consumed by the friction of the gudgeons 

^/Gv = ^^/G = 0,1047 . u/G r. For well tumed 

gudgeons on good bearing8/= 0,075 when oil or tallow is well 
supplied, ot/= 0,054, when a constant supply of best oil is kept 
up. In ordinary circumstances of the application of a black-lead 
unguent/= 0,11. The weight G of the wheel must be deter- 
mined by admeasurement for each case. For wheels of 18 to 20 
feet in height, the weight has been found to be from 800 to lOOO 
times the nurober of effective horse power in pounds. The wooden 
wheels of Freiberg, 35 feet in height, weigh when saturated with 
water, nearly 44000 Ibs. Being 20 horse power, this makes 
upwards of 2000 Ibs. per horse power for the weight of the 
wheel. 

The effective power L of a wheel, increases as the w4ght of the 

wheel increases, as the Proportion of the hucket filled c = -= — 
'^ '^ dev 

increases, and as the number of revolutions u increases, so that, 

inversely, G= — , in which i is a co-e£Bcient to be ascertained 

from experience. According to Rettenbacher, a small iron wheel, 
the buckets of which are filled ^, the horse power being 6,3, 
< = 8432 Ibs. 

For the Freiberg wooden wheels of 20 horse power, c = 2750 
Ibs., so that for a first approximation we may use the formula : 

G = 3000 — pounds. 

The strength of the gudgeons depends on the weight of the 
wheel G, and thus the weight has a twofold influence on the 
friction (vol. ii. § ^). We have given the formula : ^^ 

2 r = 0,048 \/§ inches = 0,004l»5 v'S feet. for the strength 
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of gudgeons^ and therefore we raay here put Chr = 0^00202 v^G^, 
and hence the mechanical effect oonsumed by the friction at the 
gudgeons 

= 0,1047 vf. 0,00202 V& = 0,0002116 uf V^ 

EsMomple. What amount of mechanical effect is consumed by the friction of a whed 
of 25000 Ibs. weight, with gudgeons of 6 inches diameter, the wheel making 6 revo- 
lutioDsper minute. Assoming/» 0,08, then/(? ^ 0,08 x 25000 » 2000 Ibs., and 
the statical moment of this »/(? r - | . 2000 «- 500it Ibs., and the meduuiical 
effect » 0,1047 . 6 ./(?r » 314 ft. Ibs. 

Remark, The gudgeon friction of a water-wheel may be increased or diminished 
«ccording to the manner in which the mechanism for transmitting its power is applied 
to it. If as, in Fig. 198, the power P and the resistance Q act on the same aide of 
the wheel, then the friction on the gudgeons is diminished by an amount equal to 



no. 198. 



rio. 199. 





the resistance Q, so that the friction is less ; but if the power and resistance work 
on opposite sides (as in Fig. 199), then the pressure on the gudgeons is increased by 
an amount equal to the resistance Q, and therefore the friction is as much greater as 
in the other case it was less. If in the former case the leverage CB of the resistance 
be made equal to the leverage of the power CA^ so that the transmission is effected 
by a toothed wheel on the periphery of the water-wheel, as shewn Fig. 162, then 
the effect of the power on the gudgeon is oouoterbalanced by the resistance (not if 
the pinion wheel be in the position shewn in the diagram, but when this is placed 
b^ow the eentre of the wheel). 

§ 101. Total eßect.— The total effect of an overshot water- 
wheel, may be put : 

or when the water enters in a direction nearly tangential, and with 
a velocity equal to that of the wheel : 

12 
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Uence for a givea weight of wheel^ the total effect, as wdl as the 
mere water-power effect^ is a mazimam when v = 0, or when the 
wheel revolves with the leaat possible velocity. This condition 
does not hold good in practice : for the dim^nsions and weight of 
water-wheela depend on the power they give^ and on their velocity, 
and are so much the greater, the grcater the effect or power^ and 
the less the velocity of the wheel. 

§ 102. Usefid effect of wheel, — Smeaton^ Nordwall^ Morin, and 
others^ have experimented on the e£Bciency of overshot water- 
wheels ; but there is still room for forther experimental enquiry, 
especially as to the efficiency of well-constructed large wheds ; 
because the effect of these is not accurately known, and^ as the 
author has had occasion to yerify^ their efficiency is generally 
under estimated. 

Smeaton made experiments with a modd wheel of 75 inches cir- 
cumference having 86 buckets^ and found for 20 revolutions per min. 
a maximum of useful effect of 0^74. D'Aubuiason mentions, in his (Jjf- 
work on hydranlics^ that for a wheel of 11^ metre8=82 ft. diameter^ 
with a velocity of 8i feet per second^ the efficiency was found to be 
0,76. Weisbach has tested the stamp-mill wheels at Freiberg, gene- 
rally 7 metres or 22^ — V high, and 3 feet wide, having 48 buckets, 
and making 12 revolutions per minute, and found an efficiency of 
0,78. Theptim/»/!^ and u^tnrfsn^r-wheelsof 35 f eet diameter, making 
5 revolutions per minute, give an efficiency of 0,80, and often 
higher. It is also quite ascertained that well-constructed wheels 
of grcater diameter than the above, give 0,83 efficiency, the losses 
being 8 per cent for shock at entrance, 9 per cent by too early 
discharge, and 5 per cent for gudgeon fiiction. 

Small wheels always give a less efficiency than larger, not only 
because they make a greater number of revolutions, but beeause 
they have a smaller water-arc. The most complete experimental 
enquiry on water- wheels is that of M. Morin, '* Expäiences 
sur les Roues hydrauliques ä aubes planes, et sur les Roues 
hydrauliques ä augets, Metz, 1836.'^ Of these experiments we 
can here only aUude to those made on three smaU-sized wheek. The 
first of these was a wooden wheel 8,425 m. := 10,6 ft. diameter with 
80 buckets, and giving for a velocity of the circumference of 5 feet 
per second, an efficiency of 0,65, and the co^ffieient v = 0,775. 
The second wheel was only 2,28 metres in diameter (7,47 feet)^-of 
wood, with 24 curved plate buckets. With a velocity of 5 feet 
per second, the efficiency of this wheel was = 0,69, and the co- 
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cfficieut of velocity or of f all = v = 0,762. The thii-d was a 
wooden wheel for a tilt-hammer^ 4 nietres diameter (13 feet) with 
20 buckets, and 1 metre of impact-Ml to the summit of the 
wheel. The velocity being 5 feet per sccond^ the ei&ciency was 
0,55 to 0,60, and the velocity being 11 ^ feet per second, its effi^ 
ciency was not more than 0,40, which was further reduoed to 0^25, 
when the velocity rose to 4 metres or 13 feet per second, for then 
the centrifugal force was such that the water could not properly 
enter the buckets. 

Morin deduces from his experiments that for wheels of less than 
6^ — &' diameter, having a maximum velocity of 6 feet per second 
at the periphery, and for wheels of more than 6' — &' diameter, 
having a maximum velocity of 8 feet per second, the co-efficient y 
of the pressure-fall averages 0,78, and therefore the uitful effect 
of these overshot wheels, exclusive of friction on the gudgeons, is : 

h being the height of the point of entrance above the foot of the 
wheel, or 0,78 h represents the mean height of the arc holding 
water. This co-efficient y = 0,78 is however only to be used when 
the co-efficient c representing the extent of filling of the buckets is 
under ^ ; it must be made 1ifi5 when e amounts to nearly |. In 
the case of wheels of great diameter y is certainly higher. For the 
Freiberg wheels, for example, it is 0,9. Morin further deduces, 
that when wheels have a greater velocity of revolution than & — 6" 
u iJf^^ second, %i if the buckets be more than | filled, a. definite 
co-efficient y for the water-arc cannot be given, because then, 
smail variations or deviations in v and e have considerable 
influence on the amount of the useful effect. It must, however, 
be remarked, that it is not the velocity, but the number of revolu- 
tions u (vol. II. § 98), which determines this limit : for high wheels 
with &—&' velocity at circumference, give a great and tolerably 
weU-ascertained useful effect. 

§ 103. High-breast wheel. — ^The overshot wheel frequently 
receives the water lower than the point we have above indicated, 
at a point somewhat nearcr the centre of the wheel. These are 
called by the French rottet par derrüre, by the Germans rücken- 
»cUägige Rüder. The lead or water-course, or the pcntrough, 
passes above the wheel in the case we have discussed. For high- 
brcast wheels the pcntrough is under the summit of the wheel, or 

12* 
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the diameter of the wheel is greater than the total water-fall. In the 
overshot wheel the wheel revolves in the direction in which the water 
is led on to it. In the high-hreast wheel it revolves in the oppomte 
direction. High-breast wheels are erected more especially when the 
kvel of the water in the tail-race and pentrough are mach subject 
to Variation ; becanse the wheel revolves in the direction in which 
the water flows from the wheel^ and therefore backwater is less 
disadvantageous*^ and beeause penstocks or sluices can be applied 
that admit of an adjustabk point of entrance of the water on the 
wheel^ or of maintaining a given height between the water in the 
pentrough and in the tail-race > and even for different conditions 
of the water-course, the same velocity of discharge and of entrance 
of the water can be maintained. Penstocks^ or slnices for these 
wheels are represented in Figs. 200 and 201^ in which the shuttle 
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AB is made to slide or fold as an apron^ to open more or fewer 
apertures as required. In Fig. 200 AB \% made concentric with 
the circumference of the wheel^ in Order that the aperture A may 
direct the water into the wheel for all positions of the apron. The 
motion of the sluice or apron is effected by the pinion and rack 
AD and C In Fig. 201, the water flows over the top ^ of the 
sluice-board, which is adjusted in a manner similar to that above 
described. In Order, however, that the water may come on to th 
wheel in the proper direction, a set of stationary ^r«id!e-bucketB 
EFy is laid between the wheel and the sluice-board, and thi» latter 
slides over them. The guide-buckets must have a certain position, 
that the water may not strike on the outer end of the wheet- 
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bucketfl. If Ae^ Fig» 202^ be the direction of the outer element of 
Fio. 202. ^^^ whecl-bucket, and if Av, 

represent in magnitude and di- 
rection the velocity of tbis ele- 
ment A, then, exactly as in 
vol. II. § 92^ the required di- 
rection Ac of the water entering 
the wheel is obtained by draw- 
ing VC parallel to Ac^, and 
making Ac equal to c, the velo- 
city of the water entering^ as 
deduced from the height of the 
water's surface above A. If A 
be the depth of A below the 
surface in the pentrough, then 
c = 0>82 ^^2ffh at least^ as in the discharge through short addi- 
tional tubes (vol. i. § 823), and when the guide-buckets are 
rounded off on the upper side, then c = 0,90 \^2ffh. If the 
guide-curves be made straight, tken they are to be laid in the 
direction it^D, but if curved-buckets AE are adopted, which has 
the advantage o( graduaUy changing the direction of the water's 
flow, then they are made tangents to AD at A^ by raising AO 
perpendicular to AD, and describiiig an are AE from as a 
centre. 

As for different depths, the pressure (A) is different, and the 
velocity dne (e) is also different, the construction must be gone 
through separately for each guide-bucket. THe velocity of entrance 
is usually 9 to 10 feet, and the velocity of the wheel is ^ e to | c 
at the most. The construction is to be gone through for the mean 
level of the water in the trough that the deviation in cases of high 
and low water may not be excessive. 

From this kind of sluice the air escapes less readily than in 
others, and therefore the sluice is made narrower than the wheel, 
or the wheel-buckets are specially ventUated, that is, the floor of 
the wheel is perforated with air-holes, as shewn in Fig. 206. It is 
not advisable to make the buckets too close, but rather to keep 
the water in the wheel by an apron than by making the angle of 
discharge too great, for in this latter case the guide-buckets extend 
over too large an are of the wheel, or become long and contracted, 
and so occasion loss of fall. 

As to the efficiency of high-breast wheels, it is at least equal to 
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that of the ordinary overshot. Froni the advantageous manner in 
which the water is laid on to them^ it is not unfrequently greatcr 
than in overshot wheels having the same general proportions. For 
a wheel 30 feet high^ having 96 buckets, the entrance of the water 
being at a point 50^ from the snmmit, the velocity at cireumfe- 
rence being 5 feet per second^ and that of the water'a entrance 
8 feet, Morin found the efficiency i| = 0,69, and the height of the 
arc holding water = 0,78 . h. 

§ 104. Breast wheels. — These wheels are either ordinary 
bucket-whcek, or they are wheels with paddles or floats confined 
by a stone curb or wooden mantle (vol. ii. § 83). As by a too 
early discharge of the water from the buckets, the greatest loss of 
fall or of mcchanieal effect takes place in the lower half of the 
wheel, it is evident, that cteteres paribus, breast wheels must 
have a smaller efficiency than overshot or high-breast wheels. 
Upon these grounds the fall must be carefully preserved for breast 
wheels, or the water kept on the wheel to the lowest possible 
Fio 203 point. Hcnce the angle of discharge 

for their buckets is made great, or 
the water is even introduced from the 
inside of the wheel, as shewn in Fig. 
203, or, as is the better plan, the 
wheel is enveloped by a mantle or 
curb, and the buckets or paddles are 
set more or less radially. The curb 
must not be at more than from ^ an 
inch to an inch from the wheel, that 
as little water as possible may escape 
through the intermediate space. As 
the buckets or Üoats of wheels enclosed by a curb are not 
intended for holding water, they may be placed radially, but in 
Order that they may not i/irow vp water from the tail-race, it is 
advisable to give the outer dement of the float or hucket, such 
a Position that it may leave the water vertically. As to the 
number of floats, it is advantageous to have them numerous, not 
only because by this means the loss of water by the play left 
bctween the wheel and the mantle or curb is smaller, but also, 
because by putting them close together, the tm/?ae/-faU is ren- 
dered less, and the pressure-fsiü increased. The distance between 
two floats is generally made equal to the depth of the shrouding 
rf, or it is taken at firom 10 to 15 inches, or one of the rules 
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above given (vol. ii. § 88), may be applied for fixing the number 
of bucketa. It is, however, essential that breast whcels be well 
ventilated, so that the air can escape outwards, because in them 
the stream of water laid on is nearly as deep as the whole 
distance between two buckets. Air-holes or slits must, there- 
fore, be left in the floor to prevent the air from interfering with 
the water^s entrance. This is so much the more necessaiy in these 
wheels, as they are usually arranged to be filled to one half at 
least, even § of their capacity. Breast wheels are generally 
adopted for falls varying from 5 to 15 feet, and for snpplics of 
from 5 to 80 cubic fect per second. 

Remark, Tbeoretical and experimental researchcs on the subject of breast and 
nndenhot wheels, with the water laid on from the inside, have been made in Sweden, 
and are given in detail in a work entitied '* llydrauliska Försük, etc., of Lagerhjelm, 
ofForselles och Kallstenius, Andra Delen, Stockholm, 1822" Egen describes a 
wheel of this kind in bis '* Untersuchungen über den Effect einiger Wasserwerke, 
&C., Berlin, 1831." The efficiency of the wheel was not more than 59 per cent, 
although the fall was 13,42 feet. A wheel on the same model was erected in 
Franoe, hui only 6' — 6^' in diameter. M. Mallet experimented on this wheel (»ee 
'* Bulletin de la Society d'Encourageroent, No. 282)/' and found its efiiciency 60 
per cent. It would appear, therefore, as Egen justly observes, that these wheels 
are seldom to be adopted. They can have only a limited width, and cannot be so 
substantial as those receiving the water on the outside. 

§ 105. Ocerfall sluices, — The mode of laying on the water to 
breast wheels is very various. The overfall sluicc, the guidc- 

Fio. 204. 
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bücket sluice, and the ordinaiy penstock are in use. The water 
is scldom allowed to go on quite undirected. In the overfaU 
sluices shewn in Figs. 204 and 205^ the water flows over the 
saddU'beam or lip A of the sluice ; bat that it may flow in the 
required direction^ the lip is rounded, or a rounded guide bücket 
AB, Fig. 205 is appended to it. This guide-bucket AB, Fig. 206, 

rio. 205. rio. 206. 
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is curved in the form of the parabola, in which the Clements of 
water lying deepest move ; for if it were more curved^ the water- 
layer would not lie to it^ and if it were less curved, the width <tf the 
guide, and therefore the friction, would be unnecessarily increased, 
and the water would reach the wheel less in the direction oS a 
tangent. According to the theory of discharge over weirs (vol. i. 
§ 317), if «1 be the breadth of the weir, A^ the height above the 
cill or lip HA, Fig. 206, and }i the co-e£Scient of discharge, then 
Q^ i fjL e^h^ Vigh^; but if the quantity laid on Q, and breadth 
of the apertune e^ (which is only 8 or 4 inches less than the width 
of the wheei e^ be given, then the head for the discharge : 

Again, the vdocity c of the water entering the wheel at B is deter- 
mined by its proportion k = - to the velocity of the wheel, and 
hence the fall necessary for communicating this velocity : 

f \3 

on account of absorptiön of fall by discharge, Äj,= 1,1 . -^ — : r is 
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genenJly made = 2, a«dl themfore k^ = 4,4 ^ . From h^ and 

^^ 
A, we deduee the heigfat JM of the lip of the gaide-curve, 
A = A, — hl, aad if the total fall HD = A, tkere remains for the 
head available as weight on the wheel MD = £F= A, =s A *-.^. 
Again, we have from the theory of projectiles, the angle of incli- 
nation TBM of the goide-curve^a end to the horizon determined 
by the formnla 

* = ~^^' *««*>«» •*»•*»= /\/^ = /y/^*^ 

and the length or projection MB of the gaide*curve is : 

MB = / = — 5 = A. MI». 2 o. 

Lastly, if the very desirable condition of bringing the water tan- 
gentiaUy on to the wheel in to be fulfilled, the radiua of the wheel 
CB = CF^ a U determined by the equation : 

a (1 — «w. a) = A — A«, therefore, a = i -^. 

^ ' ^ '1 — C09. a 

Inyersely, the central angle BCF^ a^ of the water»arc is deter- 

j^ h 

mined by cos. «1 = 1 -2-, and when the latter condition 

is not fulfiUed, or a^ is not made = a, then the deviation of the 
direction of the water entering .the wheel from the direction of the 
motion of the backet on which it impinges : 8 = «4 — a. 

Eanaiqtk, Snppoie for a breast whed the qnantity of water laid on by an orerfaU 
slaioe, p » 6 cubic it., the total fidl A » 8 ft., and the Teloeity of the periphery 
<- 5 feet, also the ratio of the budEet'i Alling » ^, then for a depth of wheel — 1 ffc. 

the requinte width on the breast e » ^ . ii » ^-^ » 3 ft And if the breadth 

rfv 2 . 1 . 5 

of the apertnre be made 2i feet, and /» — 0,6, then the height at which the water 
sUnds ky » 0,3093 f — ^ — Y « 0,76 ft. If we take c - f , then the faU neoes- 

awy to genente the Telodty c with which the water entert the wheel : 

e - f . 5 <- 8 ft, A, » 1,1 . 0,0155 . 8' - 1,1 feet nearly, and, therefore, the 

height of the Up of the gitide k » 1,1—0,76 » 0,34 ft « 4,08 inches. Again, 

for the ang^e of indination of the end of the gnide-corve : sin. a » a/— L. 

— 0,5539, and hence a » 33», 38', and the hreadth of the lip of the guide-curve 
/ — 1,1 tm. 67"*, 16' — 1 foot neariy. That the water nuiy enter the wheel tangen« 
tially, the nulios of the wheel would have to be 

a « *~^ « ^ — h^ ,,, - 41,06 feet; 

1— cot. o 1— cof. 33», 38' 
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but if we limit the sizc of the whecl to 25 fect diameter, or makc fl = 12,.'i, th«m 
the central angle a, of the water-arc is cot. o, = 1 — — - — -i- = 0,45, or o, = 63**, 

16', and the deviation of the direction of motion of the water from that of the wheel 
at the point of entrance : o, — a « 63», 16' - 33», 38' « 29«. 38'. 

§ 106. Penstock sluices. — Fig. 207 shows the manner of laying 
on the water on a breast wheel by the ordinary penstock. The 

FIG. 207. 




FIG. 208. 



sluice-board^ which is placed as close to the wheel as possible, is 
made of such thickness and form at the lowcr edgc^ as obviates 

contraction. For the same reason the 
end AB oi the bottom of the pcntrough 
or lead, is formed with a parabolic lip. 
The height BE-DF= h^ Fig. 208, 
of the end of the curve depcnds on the 
total fall h, and on the velocity height 

and is dctcrmined by the formula hc, = h — h^: hcnce, as 




coif. a = 



OB 



",^ the corrcsponding central angle 



co^BCF = ji = 1 



a 

h - /?t 
a 



If, therefore, the water is to be taken 



on tangentially, the inclination TBM of the layer of watcr to the 
horizon is to be put = a, and hencc wc dctcrniinc the co-ordinatcs 
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MA = * and BM = / of the apex of the parabola A by the for- 



mulas k = 



(^ sin. 



and / = 



c^ sin. 2 a 
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2ff ' 2g ' 

But it is not necessary to set the aperture exactly in the apex of 
the parabola, it may be placed in any other point of the parabolic 
arc, provided that the aris of the aperture is tangential to the 
parabola (vol. ii. § 93). 

A third method of laying on the water, consists in a pen stock 

with guide-curves or 
buckets, Fig. 209. 
This arrangement is 
particularly applic- 
able when the water 
in the pcntrough is 
subject togreat Varia- 
tion oflevel. Theap- 
paratus sbewn in Fig. 
209 consists of two 
sluice-boards A and 
By cach of which can 
be Bcparately ad- 
justed, and thus, not 
only the head, but 
also the orifice of 
discharge, is regu- 
lated. It is not poa- 
sible to lay the water on to the wheel tangentially by mcans of the 
guide-buckets DE ; but we can approximate to within 20 to 30 
degrees of this. The water flows out between the guides accord- 
ing to the law for the discharge through short addilional lubes, 
and therefore the co-elficient /i may be taken as .82, or when the 
bottom of the sluice-board is accurately rounded on the inside 
fi = 0,90. Hence the co-eflScient of resistance is greater in this 
case than in overfall sluices, or in the ordinary penstock. Assum- 
ing /i = 0,85 the height necessary for producing the velocity c is : 




•^-imfrr'^r,' 



and hence the portion of the total height h rcmaining in water- 
arc is : Aj = Ä — A, = A — 1,384 -^— . In the case of a variable 
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Bupply of water^ tbe arrangements are adapted to the average sup- 
ply^ by laying the outer end M of tbe centre guide-curve at the 
height A, above the foot of tbe wbeel F, In order to place all the 
giiidrn^jit tbn n a mn angl n '■ fc nirmimfirnTrinf tt *^" «iii»nij fi»« ««>_ 
vs^i '/i ^' '^ mal po a ition of wbioh io 8 inohoo flom th e guid ea, they are drawn 
tangential to a circle KL^ concentric with the wbeel^ tbe position 
of which is detennined by the direction EK of the first guide- 
cnrve. 

§ 107. Conitruciion ofthe curb or matUle, and of ikewheeL 
-*The mantle or curb by which breast wbeels are enclosed^ in order 
to retain the water in them as long as possible, is formed either of 
masonry or of wood^ and sometimes of iron. The object of the 
curb 18 the better fulfilled the less the play between the outer edge 
•f the buckets and the cylindrical surface of the curb^ as the 
water escapes by whatever free space is left. The play amounts 
to i an inch in the best constructed wbeels ; but it is not unfre- 
quently as much as an inch, or even 2 inches. When the wbeels 
ai£ of wood and the eurb likewise, a play of ^ an inch is an insuf- 
ficient allowance, because the curb is apt to loose its symmetry^ 
and then friction between the buckets and the curb might ensue« 
For iron wbeels and stone curbs, the chances of deformation 
are small^ and therefore a very small amount of play is sufficient. 
When the wheels fit too closely in their mantles^ stray pieces of 
wood or ice floated on to the wheel may have very injurious conse- 
quences« It is^ therefore, necessary to have a screen in front of the 
sluices to keep back all stray matters. 

Stone curbs are constructed of properly-selected and carefuUy- 
dressed stone, or of brick, either being laid in good hydraulic 
mortar or cement. Wooden curbs AEj Fig. 210, are composed 
of beams A, D, £, of larch or oak, carefully planked with deals 
curved as required. The bed of the curb is enclosed by side walls, 
so that lateral escape of water is prevented. If the water can flow 
off by the tail-race with the velocity with which it is delivered from 
the wheel, then the curb may be finished flush with the bottom of 
the race as at E, Fig. 211 ; but if the water flows with a less 
velocity, then the race should be cut out deeper, as at AE, 
Fig. 210, so as to avoid all risk of back-water. 

The construction of these wheels differs essentially from that of 
overshot wheels, in respect of the buckets of the latter forming 
cells, whilst in the former these are mere paddles or floats : and this 
gives rise to a different mode of connecting the buckets with the 
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rim of the wbeel. The Germans distinguish Siaberäder and 
Strauberäder. The former have skroudin^s like the overshot 
wheels^ to support the floats ; in the latter^ the floate or backet« 



rio. 210. 




are chiefly supported by short arms or cantilevers^ which project 
radially from the circumference of the wheel. Fig. 209 is 
a wheel with Bhrouding^ Figs. 210 and 211 are Strauberäder. 



no. 211. 




Fig. 211 is a woodcn wheel^ and Fig. 210 an iron wheel. Very 
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iiarrow float-wheels have only a single narrow ring by which tbe 
floats are attached on to cantilevers. In wooden whtels the sup- 
])ort8 for the floate are passed between the two sides of a Compound 
ring forming the shrouding. In iron-wheels, on the other hand, 
they are either cast in one piece with the segments of the wheel, 
or they are bolted on to these. The buckets or paddles are usually 
of wood, and are nailed or screwed to the above-described Sup- 
ports. The floor of the wheel is placed on the outsidc of the rings 
or shrouding^ and does not close the wheel completely^ slits being 
Icft for the escape of the air^ as is represented in Fig. 205^ in 
which DE is the wheel-paddle^ composed of two pieces^ EFa 
piece of the bottom of the wheel^ and G the air-slit or Ventilator. 
§ 208. The mechanical effact of curb-wheels. — The mechanical 
effect produced by wheels hang in a curb or mantle consists^ as 
in overshot wheels^ of the mechanical effect produced by the im- 
pact^ and that by the pressure or weight of water. The formula 
representing the efficiency of each is the same^ save that the de- 
termination of the loss of water requires a different calculation^ 
inasmuch as in the one case the water is lost by a gradual empty- 
ing of the buckets in the are of discharge^ and in the case now in 
question^ the water escapes through the space necessarily left 
between the wheel and the curb. We have therefore to determine 
how and in what quantity the water escapes through this space^ 
and hence deduce the loss of effect to the wheel. K we put^ as 
for overshot wheels^ the velocity with which the water goes on to 
the wheel at the division-line = c^ the velocity of the wheel in 
this line or circle = t;^^ and the angle C| E v^ Fig. 212, between 
the directions of these velocities = fi, then the effect of im- 
pact: 

ff 

If, further GK, the difference of level between the point of entrance 
E, and the surface of the water in the tail-race, GH=hi, we 
have (neglecting loss of water through free spacc), the effect of 
the weight of the water = h^ Q y, and hence the total effect is 
as before : 

From the theoretical effect given by the formula^ we have to 
dcduct the loss by the escape of watcr. This loss aficcts chiefly 
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the effect of the watcr's weight, as the water escapes uninter- 
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ruptedly as any given backet or float BD descends succeasively 
to the positioQs B^D^, B^D^ &c.^ to the lowest point FL. The free 
Space forms an orifice of discharge through which the water 
escapes under a variable head BE, B^Ei, B^E^» If we put e=the 
width of the wheel, and the breadth of the free space = 8, the 
area of the orifice of discharge = se^ and if we pat for the head 
BE, B^Ei, &c., z, xTj, z^ See., and <^ for the co-efficient of dis- 
charge^ then the quantity escaping in any instant of time t, 
through the ttee space : 

Qi = <f} est V%gz^ + ^e»^ Vä^jzTj + e«/ *y^gz^ + .. . 
= ^ e» / s/^g ( V'zi -f V^Tjj -f ^/z^ H- . . .) 
Kn be the number of positions of a float assumed^ the mean 
escape firom each cell : 



Vz^ + 



— { Vz. 
or for one second : 



= ^ e * 



VZn 



)• 



But the whole of the cells^ or the water-arc, corresponds to the fall 
hl, and hence the loss of mechanical effect may be put : 



Li = (fies \^2g ( 



,- (^^fi+J^±ii: 
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There in a alight loss of water on each side of the wheel, as 
there must be a free Bpace of 1 to 2 inches here. If we put arca 
BO, BjOp &c, of the curb covered with watcr, equal to ^, i^ 
&c., then the water escaping by the sides, a« it were through a 
series of notches or small weire : 

= 2 . i *%/i V'27^ 2.1**^ V2ffz^ &c., 
and therefore the corresponding loes of mechanical effeet : 

§ 109. Zxwe*.— There is a still further loss of e£Fect, when the 
Burface of the water in the lowest cell does not correspond with 
the surface of the tail-race^ as repre- 
sented in Fig. 213. For in this case 
the water flows from the cell BDI\Bi, 
as soon as the float BD passes the end 
of the curb F, and acquires a velocity 
due to the height FM = ^ in additien 
to the velocity t^ of the wheel. This 
height h^ is variable, but its mean value 
is evidently \ h^ and therefore the head 
to which the velocity of the water flowing from the wheel is due is 

not 5—, but ö- + i ^ We have already deducted the loss due 

to the height ^ in estimating for impact, asd we have therefeie 

only i Ag Qr to deduct from the effeet found. From this we see, 
that a sudden fall from the end of the circle shouU be adopted 
only in cases where back-water is to be feared. 

There are still other sources of loss of effeet in breast wheek, 
such as the friction of the water on the curb and the resistanoe of 
the air to the motion of the floats ; but these are comparatively of 
slight importance. 

§ 110. Formula for total effeet. — We shall now give the for- 
mula for the total effeet of breast wheels, leaving out of conside- 
ration the loss of effeet by escape of water at the sides, as also the 
loss from friction of the water and resistance of the air ; but allow- 
ing for the escape through the free space between the wheel and 
curb, and for the friction of the gudgeons. The formula will 
then stand thus : 
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in which w is substituted for the mean velocity of dtscharge : 
and r for the radiua of the gudgeons. Hence : 

or, introdacing e the co-efficient of the backet's filÜDg, generally 
= i> and -7: = — 3- , we have : 

If we put the total fall^ measured from the surface of the water 
in the pentrough to the surface of the race = h, then, instead of 

Ä,, we may introduoe h — 1,1 . ^ and then : 

In Order to find the value of the velocity of cntrance c^, for which 
the effect is a maximum, we have only to considcr when the 
expression 

ff ~ ' 2^V ^ävj 

is a maximum. Puttine r-* i v = *> then the expres- 

sion to be made a maximum becomes kci — c^^. But we know 
from vol. I. § 886, that this becomes a maximum for c^ = ^, and 
therefore it is evident that the effect will be a maximum when 



the velocity of entrance of the water Cj = - 



Vi eos. fA 



If from the necessarily small value of /i, we put cos. /i = 1, and 
assume also, that thcre is no loss in the dischargc from the sluice, 
VOL. II. 13 



194 EFFICIENCY OF BREAST WHBBL8. 

then c, = ; and hence we perceive that the velocity of 

entrance most be made greater than tbe velocity at the circum- 
ference of the wheel^ and this so much the more as the free spaoe 
8 is greater. The loss by escape of water is not^ as an average, 

more than 10 to 15 per cent, or ^4^ = Vö to A* and therefore 

the velocity of entrance of the water q = V" ^i *<> tt ''i' ^° P"^^" 
tice, however, c^ is made = 2 Vp or the wheel revolves wiih half 
the velocity the water has acquired al entern^ the wheel, becauae 
in this way the loss is not mach, and the water's entrance is more 
easily regulated. 

If we introduce c^ cos. ^ = 2 v^ or r^ = i Cj cos. fi, into the 
equation above found^ we get : 

From the factor (l — ^^) » we leam that the maximum 

effect does not take place here when t{=0; for even when t^= — nr 

the whole effect of the water^s weight is lost by the water escaping 
through the free space. 

§ 111. Efficieney of breast wheels. — Morin has made a number 
of experiments on breast wheels of good construction. He has 
compared bis experimental resiüts with those of the theoretical 
formnla : 






and has foond a tolerable agreement between the two to snbsist^ 
when the formula is corrected by a co-efficient c, or if we put ; 
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One wheel on which Morin experimented was of cast iron, with 
wooden buckets placed obliquely to the sluice^ and tuming in a 
close-fitting iron curb. The wheel was 21 feet 4 inches in diameter, 

oi) / f] , ■' ■ j ■ ' X' ■ ' ■ V. 
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and 4'— 10" wide; the fall waa 5'— 6", there were 60 floats, and 
the velocity of revolution was from 8' — 4»" to nearly 8 feet pcif 
second^ the velocity of the water from a well-constructed sluice 
being fipom 9 feet 2'' to 10 feet 6''* The co-efficient c was found 
to be aboat 0^75^ and the efficiency^ including the Mction of the 
axles, nearly 0,60. A seoond iron wheel, experimented upon by 
M. Morin, was hang in a well-fitting sandstohe curb. It was 
13 feet diameter, and 18 feet wide. There were 82 floats, the fidl 
being 6 feet &\ So long as the speed of the wheel did not differ 
more than from 47 to 100 per cent from that of the water entering 
it, that is within speeds varying from 1' — V to 6 feet, the co- 
eflScient k remained nearly constant, viz. = 0,788, and the effi- 
ciency of the wheel was = 0,70. A third wheel was almost en- 
tirely of wood, and hung in a close-fitting curb. Its height was 
20 feet, and it had 40 floats. Worked with a common sluioe, the 
co-efficient k = 0,79^, and with an over/aU sluice this rose to 
0,809. The efficiency, however, was in the first case only 0,54, 
and in the second 0,67. If from these results we adopt a mean 
value, we get for breast wheels with penstock sluice : 

i = 0,77 ((^^•-''— *")-? + A.)Qy, 

and for those with overfall sluice : 

from which, however, the mechanical effect consumed by the friction 
of the axies has to be deducted. The greater efficiency of the 
oyerfall-sluiced wheels arises from the water entering more slowly 
than in the case of the penstock, and hence there is no loss by 
impact. 

It foUows, besides, from Morin^s experiments, that the effi- 
ciency diminishes if the water fills more than from ^ to ) of the 
Space between the floats, and that the efficiency does not vary 
much for variations of the angular velocity of the wheel from 
1'— 8'' to 6^—6" per second. 

Egen made experiments on a breast wheel 23 feet in diameter, 
and 4^ feet wide. There were two peculiarities in this wheel. 
The 69 weil-ventilated buckets, were constructed exactly as in over- 
shot wheels ; and the sluice was in two divisions, of which, accord- 
ing to the state of supply of water, the upper or under one could 
be drawn. Although the mantle fitted very closely, the efficiency 

13* 
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of thifl wheel was, at best, only 0,52, and as an aver^e, with 6 
cubic feet water per second, and 4 revolutions per minute, the 
efficiency was only 0,48. 

Experiments witb a breast wbeel are described in tbe *' Bulletin , 
de la Soci^ Indust. de Mulbouse, L. xviii.'^ The wheel was of 
wood, 5 metres or 16,4 feet in diameter, and 13 feet wide, made 
in three divisions on 2 centre shroudings. The curb started 
from a parabolic saddle-beam 8 inehes in height, and tbe water 
was laid on by an overfall sluice 8 inehes high. Thns the 
velocity of the water was about 8,8 feet, and the angnlar velocity 
of the wheel from 5 feet to 6'— 6''. The backets were filled from 
i to ^, and the efficiency increased as the buckets were more 
fiUed. When the buckets were quite fiUed, the efficiency was 0,80; 
when half-filled, it was 0,78; and with less water^ it was only 
0,52. The experiments on the effieiency of the wheel for different 
degrees of filling of the buckets, were easily and precisely made in 
this case, from the circumstance that the water could be laid on 
each division of the wheel separately. 

Erampk, Reqoired the calcoUted proportkNis of a breast wheel, being given 
Q'^lb eobic feet per seoond, A»84 ft., ind the velocity of revolution 5 ft. We 
thaU AMume the depths of the floats or of the shroading to be l foot, and suppose 
the buckeU to be filled to i their Contents. The width of the wheel is hence 

«»--^-»--.»6(1. Assume also that the water enteis with double the velocity of 
dv \.b 

rotation, then c»2 . 5 » 10 fl., and the fall reqnired to generate the velocity 
A,»l,l ^» 1,1. 0,0015S.10»« 1,705 ft. 

Deducting this impact-fall from the total fall, there remains for the heigfat of 
the curb, or for the fall daring which the water's weight alone acts, A* » A — A, 
» 8,5— -1,705 » 6,795 feet. We shall adopt a large wheel, that the water may 
not fall too high into it. Making tbe radios a » 12 feet, and the radius of 
the division-Iine «11,5 feet. The water revolving with the velocity of tbe whed, 
we shall suppose to be carried to the bottom of the curb, as represented in Fig. 214. 
The central angle a of the curb EG^ or the angle by wMcb the points of entrance 
of the water E deviates from lowest point /*, is 

«M a = 1 — *L = 1 ^^:l^^ = 0,4092, 
fl, 11,5 

and hence a=65« SO'. We shall assume that the direction £b, of the water 

deviates 20 degrees from the direction Eo^ of the wbeel's motion at the division- 

circle, and refer the velocity of 5 feet, in like manner, to the division or/nVeA-drcle. 

We then have tbe co-ordinates of the sommit of the parabolic saddle, j4M := A « 

cj««^(450_50')« ^ jjg ^ ^^^ ME ^ l^ Slsm. 91« 40= 1,6 ft.; aocording to 
which dimensions the construction of Fig. 214 has becn carried out. The heiglit 
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of the water AR above the cill U Aj — k 
hdght of the orifice ^ x,Q ^ i^e x 
Q 



■ 1,705 -0,8 »0,905, aiid if we put the 



^2^0,905-^) 
15 



H€ a/2p/o,905 — I) - 0,9 . 6 . 8,02 a/o,905 — | 



0.35 



14,43 ,y^ 



905- 



The theoretical effect of this wheel u £ — 



and hetice « » . 4 ft. 



7244 ft. Ibt., and the whole available effect is 8.5 x 933 ft. Ibs. » 7930 fl. Ibt. 
We have now to deduct the Iom by the escape of water through the free spaoe 
between the curb and the wheeL Atsumüig the pUtjf to be 1 inch^^i, feet, then 
the area of the slit by which the water can escape u ^r • 6=i Square feet. In 
Order now to find the mean velocity t», with which the water passes through this 
aperture, the height of curb JTC is to be divided ioto 6 equal parts, and the position 
of the buckets for each point so found, accurately delineated, äs is done in Fig. 214, 
and the heads or pressures measured. Commencing at the top, we have : z — 0,80, 
*, - 0,80, z^ =« 0,80, Zj = 0,80, z^ = 0,67, ^4 = 0,48 and z, = 0. From this we have the 
mean of the Square roots of these quantities = 

i . 0,894 -t- 0,894 + 0^94 + 0,818 + 0,693 + o fif ^ ^ 



and hence the mean velocity of escape of the water » 8,02 x 0,7736 — 6,188. 
The mechanical effect corresponding to this iBLi—^etwhi 7, in which ^ « 0,7 the 
co-efficient of discharge therefore 

£ » 0,7 -i . 6,188 X 6,79 x 62,25 » 916 ft. Ibs. 
The loss by escape at the sidez of the wheel may be calculated by the formula given 
§ 108. It will be found «180 feet Ibs. So that the total loss by the escape. 
of water » 1096 ft. Ibs. ; deducting this from 7244 ft. Ibs., there remain 6148 ft. Ihs. 
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UNDERSHOT WHEEL8. 



eifective. The Mcape of water in this.wheel we see invoWes a loss of 15 per cent of 
the mechanical effect of the fiU. By the friction of the water and the resi9tuice of 
(he water, the Iom ü about 160 ft Ibs., or about 24 per cent. There remains there- 
fore 5988 ft. Ibs. Xa - ^ >.->• ^""'^ ^ 

If now we take the weight of the wheel G « 5252J:, «, the ratio of filling the 

• A K OK. KAOO '^ 

bücket« being f, we have « » 



30.5 



|5. -4and%^^ = IV 
2 IT 550 ' 



nearlyi then, the weight of the wheel = ^^ ^ ^^ = 1650eb». Heocc, the 
radius of the gudgeons r » 0,002 V8250 » 0,182 ft, and from thia we get the 

0,1 



mechanical effect abtorbed by friction » ü/ G 



. 19 
11 . 5 



16500 . 5 » 



136 ft. Ibs. Making this ftirther deduction, there remain 5852 ft. Ibs. » 10,6 
and, lastly, the efieiency of the wheel i| - ^^ « 0,74. 

§ 112. Undershot JVheeb. — Undershot wheels usually hang in 
a Channel made to fit as closely to the wheel as possible, so that 
water may not escape without producing its efiect. Hence^ the 
applieation of a Channel having a curb concentric with the wheel is 
considered better than a straight Channel tangential to the wheel. 
The curb allows of some of the effect of the weight of the water 
being avaäed of. The calculation for such a wheel as is repre- 
sented in Fig. 215^ when the curb AB embraces 3 to 4 floate at 

least^ is identical with these for 
''**' the breast wheels last consi-^ 

dered. The rules for construc^ 
tion of undershot wheels^ cor^ 
respond too with those for 
breast wheels. The floats are 
usually put in radially; but 
sometimes they are inclined up- 
wards towards the aluice, that 
they may carry no water up 
with them on the opposite side. 
These floats are not unfire- 
quently composed of two equal pieces AD and BD, Fig. 216, so 
that the angle ADB = 100^ to 120^. This arrangement allows 
of ample openings being left in the floaring of the wheel, without 
fear of the water flowing through the sluice. The cells or buckets 
are allowed to £11 from one half to two thirds of their capacity, 
or £ = i to §. To prevent overflow of the water inwards, or, in 
Order to have greater capacity, the depth of the wheel, t. e. of the 
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ns. 216. 
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shrouding^is made from 
15 to 18 inches. The 
laying on the water tan- 
gentially is more rarely 
done than in breast 
wheels. The sluice- 
board is inclined in 
Order that the sluice 
aperture may lie as 
cloee to the wheel as possible. The lower edge should be rounded 
off to frevexit partial ccntracium of the vein of water. 

§. 113. The effeet of ondershot wheels, is less than that of 
breast wheels, the fall available as weight being greater in the 
latter. The ha\f of the fall is necessarily lost when it acta by 
impact, whereas the loss by escape of water acting by its weight 
on tbose wheels does not amount to \ of the whole. Experiment 
has satisfactorily established this. The wheel with which Morin 
experimented, was 19^.6^' in diameter, 5^ feet wide, and had 86 
radial floats. The sluice was inclined at an angle of 844^ to the 
horizon, and the sluice aperture was 2} feet back from the com- 
mencement of the curved course. The total faU was S — 3'', and 
the head on the sluice aperture 4! — 7'\ There was therefore a 
fiJl of about 1' — W through which the water^s weight acted« 
The velocity of the circumference of the wheel was from 6' — &' to 
18'' — 0"' : and the velocity of the water on r^hing the wheel from 

16 to 18 feet. As long as — did not exceed 0.63, the efficiency 



i| was 0.41 as a mean : but when — varied between the limits 

c 

0.5 and 0.8, then the mean efficiency ri was only 0.33. 

Retaining our former notation, we have for the effeet of this 

wheel, exclusive of friction of gudgeons, 

P„ = 0.74 (li^l^ + A.) Qy, 

in the first case ; and 



p„ = 0.60(^:^1:1^% Ä.) Qy 



in the second. 

A second wheel with which Morin experimented, was about 13 
feet high, 2'— 8'' wide, 11,8 inches deep, and had 24 floats. The 
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water was laid on by a vertical filuice, and reached the wheel 
through a straight coarse 2' — 8" long. This Channel and the curb 
were of sandstone, and the free apaoe left amounted to only 0,2 of 
an inch. The mean fall was 8 feet. The head of water on the 
aluice aperture varied from 6 inches to 18 inchea. Exp^iments 
were made at various velocities of rotation. For amall velocitiea 
the efficiency was very small. For the mean veloeity of 5 feet, 
it was a maximum, and when the veloeity of the water's arrival 
on the wheel was not mnch different from this^ a maximum 

efficiency 0,49 was obtained. For ratios of velocities — = J and 

— = ^, the mean value of c was found to be, as for the fbrmer 
c 

wheel 0,74, Hence Pv = 0,74 (^ZzA^ 4. h^ Qy, is the 

formula for this case also. 

Morin puts together the results of his experiments on wheels 
confined in mantles or curbs as follows. Wheels in which A| = iA 
IC =0,40 to 0,45. When A,=t*, «=0,42 to 0,49. WhenÄi = |Ä, 
IC = 0,47, and when Aj = f A ic = 0,55. 

Exampk, Rcqnired, the effect of an ander &hot wheel, 15 feet in diameter, md 
making 8 revolntiont per minute. The fall 4 feet, and the qoantity of water 

20 cubic feet per teoond, » JL!l_fL « *'•"• '^ -> 6,283 ft., and tnppoamg the 
30 60 

▼elocity of the water to be doable thia, then the pressure of the water in front of 

the sluice, or what we haye termed the impaet^üSl » l,l _ » l J x 0,0155 x 

12,50> - 2,779 feet, and there therefore remains as fall, through which the water 
acU by its wdght, A, » 4 — 2,779 » 1,221 feet, and hence the theoretical efiect 

- (0,031 • 6,283' + 1,221) 20 . 62,25 » (1,263 + 1,221) 1245 » 3102 feet Ibs. 

1221 
In this case, h^ «- A » 0,3 A, and therefore the co-eiBcient k may he taken 

0,42, and hence the effect L - 0,42 . 3102 » 1302 ft. Ibs., from which, homeyrtr, 
the gudgeon-friction has to be dedncted. 

§. 114. Wheeh in straiffht courses. — ^When the undershot 
wheel is hung in a straight course, the effect is a minimum ; 
because the water produces its effect by impact alone, and a 
considerable quantity escapes unused. These wheels are only 
adopted for falls of less than 4 feet, and where water power is of 
value the Poncelet-wheel, or turbines, are now invariably preferred. 
They are made from 12 to 34 feet in diameter with 24 to 48 
floats, usually radial, but sometimes placed with a slight inclina- 
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tion towards the slutce. The breadth or deptb of tbe floats shonid 
be made about tbree times tbe thickness of the layer of water 
«Coming tbrough the sluice^ becaiise tbe water in contact witb tbe 
vrheel retains only 35 to 40 per cent of tbe velocity of the water 
before impaet^ when the greatest effeet is produced ; and, there- 
fore, the stream of water flowing along as tbe wheel revolves is 2} 
to 3 times the thickness of tbe water Coming firom the sluice. 
The deptb of the sluice-aperture is usually 4 to 6 inches^ and thns 
the floats are made from 12 to 18 inches deep for the above 
leason. llie straight course in which undershot wheels are 
suspended may be either horizontal as in ABj Fig. 21 7^ or 

FIG. 217. 




inclined^ as in Fig. 218. That as little water as possible may 

pio. 218. 




escape unemployed^ the space between the wheel and the course 
must bc reduced to 1 or 2 inches at most. And hence, it is better 
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to lay the course with a slight curvature as in Fig. 219, the 
floats being made so numerons, that there are always 4 or 5 
floats Bubmerged. 

The penstock ia set with an indination to bring the orifice 
of discharge as near to the wheel as possible, and to avoid oon- 
traction. To prevent back-water, the course is made to drop 
suddenly some inches, at the point where the water quits 
the wheel. Besides this provision arrangements of raising and 
depressing the wheel, or the water-course, are adopted. 

Fig. 217, represents a lift for the wheel, (calledin German Zieh-' 
panster). The axle M of the lever MD coincides with that of the 
wheel, 80 that the connection between the driving-wheel and 
pinion may not be altered in raising or depressing the water- 
wheel. All these arrangements are, however, rendered unneces- 
sary by the adoption of the turbine, instead of undershot wheels, 
in aU cases in which the water is liable to much Variation. 

NB. — ^We here omit sections 119, 120, 121, of the original, 
containing the investigation of the losses of effect in undershot 
wheels, as being of little interest or importance. — Tr. 

§ 115. Usefiil ^ect of undershot wheeb, — Experiments on the 
usefiil effect p^ undershot wheels, with straight courses, have been 
made, but only on modeis, by De Parcieux, Bossut, Smeaton, 
Lagerhjelm, &€. 

The experiments of Smeaton and Bossut are the best, llie 
results of the experiments are satisfactorily in agreement with 
each other, and confirm the theory. The mcchanical effect evolved 
by these wheels was ascertained in all the experiments, by raising 
a weight by means of a cord passed round the axle of the wheels. 
Smeaton's experiments were made with a small wheel 75 inches 
in circumference, having 24 floats, each 4 inches wide, and 8 inches 
deep. The general conclusion at which Smeaton arrived is, that 

for the velocity ratio - = 0,84 to 0,52, the maximum useful effect 

amouuts to 0,166 to 0,25. Bossut's experiments were made with 
a wheel, 8 feet in diameter, provided with 48, with 24, and with 
12 buckets, 5 inches wide, and 4 to 5 inches deep. Bossut found, 
as theory indicates, that with 48 floats, the efficiency is greater 
than with 24, and with 24 greater than with 12 ; and he deduced 
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firom hur experiments that aboat 25^ of the wheePa circumferenoe, 
^^ -^^ . 48 = V», or more than 8 floate ahould be in the water at 
the same time. From Bossut'B experimente on the wheel with 
48 floats, a somewhat greater efficiency results than is indicated 
by Smeaton's experimente, and this may probably be attributed to 
the greater proportional number of buckets in Bossat's model. 
The mean result of the two sete of experimente gives the effect of 
such wheels, firiction not taken into account : 

L = 0,61 (ilZlIf Qy = 1,19 (e — r) r Q ft. Ibs. 

This formula will only apply on the scale of practioe, when the 
play allowed between wheel and coune i» not greater than \\ inch. 
Insteadof Q we have Fe, in which F is the*^me o( the float 
dipping into the water ; and henoe, we have the formula given by 
Christian in bis " M&;aiiique industrielle/^ substituting 0,76 
for0,61. 

L = 0,76 Fy . i^^ ev = 1,48 (c— t?) Fcv ft. Ibs^ 
ff 

From the experimente extant, it foUows also, that the maxi- 
mum efiect is produeed for the velocity ratio - = 0,4, as indicated 

by theory. For greater velocities this ratio is some^^t lesi^ and 
for large bodies of water, the ratio is somewhat greater« 

§ 116. PartUum of water-power. — ^A given fall of water is 
often divided between several wheels, not only because a single 
wheel wonld have cumbrons dimensions, but more especially for 
the sake of working different machines or tools independently, 
avoiding the coupling conneetions with one source of power. The 
question may arise as to a division of height offall, or, as to par- 
tition of the qnantity of water. As a general rule, we may assume 
that for wheels on which the water acts by its weight, a partition 
of the quaniiiy of water, and for wheels on which the water acts 
by impact, a partition of the height of fall is to be preferred; for we 
have Seen that the efficiency of overshot wheels of great diameter, 
is greater than that of overshot wheels of smaller diameter, or 
even than breast wheels ; and, on the other band, it is manifest 
that the loss of effect by impact, and by the escape of water 
through the wheels is less when these wheels are plaoed one behind 
the other, than when they are put side by side, because the 
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veloeity due to the height corresponding to the loss of effect 
^— ^r — ^ ^vol. I. § 887), and the ratio ^ of the free space to the 

depth of water, is less than in the latter case. For breast wheels 
in a curb, on which the water acta by its weight and by impact, 

and in which the loss of water depends mainly on -j, there is no 

general ruie for the preference of one mode of partition over the 
other, and the circumstancea of each case must determine our 
choice. 

§ 117. Floattnff-mill wheeb. — ^Wheels suspended on two boats 
or barges, conveniently moored in a river, are undershot wheels 
without curb or limited course of any kind. These wheels are 
supported either on two boats, one of which contains the mill 
machinery, or one end of the axle rests on a boat, the other rest- 
ing on piles driven in on shore, in which case the mill machinery 
is kept on shore. 

The construction of boat-mill wheels differs from that of ordi- 
nary undershot wheels, inasmuch as they have no shrouding, the 
floats being attached directly to the arms. These wheels are 
made from 12 to 15 feet in diametcr, and have generally only 6 
or 7 floats, although 10 to 12 would constitute a better wheel. 
The floats are made long and very broad, that they may catch a 
large stream of water, for the veloeity being usoally small, the 
vis Viva depends in a great measure on the mass. Floats of 6 to 
18 feet in length, and 2 feet to 80 inches broad, are usual. The 
floats are inclined at angles of from 10^ to 20^ to the radius, 
and dip to about one half their breadth into the stream. 

Fig. 219 represents a boat-mill, (Fr. moulin ä n^; Gterm. 
Schiffmühle). A being the mill-house on the bärge B, and 
C a wheel with 6 floats, the axle of which passes through the 
mill-house, and projects as far on the op]M)site side of the boat 
as the one seen in the figure does on this. The mill gear is within 
the house. 

The efiect of boat-mili wheels is less than of wheels hang in a 
confined course, for two reasons : viz. the water not only escapes 
by the sides, and under the floats, but a considerable quantity 
passes through the wheel without Coming into action, from the 
small number of buckets that dip into the water. 
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§ 118. The theoretical ett'ect of a freely suspended water- wheel 
may be represented^ as for undershot wheels, by the formula 

9 

c and V being the velocities of the water and of the wheel, and F 
the area of the part of the float dipped, neglecting the damming 
up of the water upon it. This expressiou haa to be multiplied by a 
co-eflBcient allowing for the loss of water. 

§ 119. Experiments onthe effectof these wheelshavebeen made 
by Deparcieux, Bossut, and Poncelet, but principally on models. 

Bossut's model-wheel was 3 feet in diameter, had 24 float», 

6^ inches wide, dipping 4^ inches into the water. The velocity 

of the water was 6 ft. per second. The result of these experiments 

^ give8j^= 1/^7 to 1,79 as the co-effieient, by which the formula 

L= ^^ ~ ^ ^ Fy is to be multiplied, and /i* = 0,877 to 0,706 

$9 
buisson Hydraulique, § 352). The limits of the values of the 

co-efficients are nearer eaeh other in this latter case than in the 

other, which was to be expected, as, from the number of buckets, 

the second formula is most applicable. The number of buckets 

should be such that 2 at least are in the water, and then the latter 

formula with the mean co-efficient /i = 0,8 will apply, or, 

L = 0,8 ^^~^^^^ Fy = 1,55 {c—v)cvFiU Ibs. 

Poncelet's observations, made on three boat-mill wheels on the 
Rhone, agrec with this. These wheels were 8 to 10 feet long. 



as the co-efficient for the formula L = 



^Fy, (see D'Au- ; 
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and the floats dipped 2' — 8" to 2' — V into the water flowing with 
a velocity of from 4 to 6^ feet per aecond. Poncelet cites an ex- 
periment by Boistard^ and one by Christian^ both of which confirm 
the aceuraey of this forroula. 

Bossut's experiments^ in exact accordance with theory, shew 
that the maximum effeet is obtained when v = 0^4 c^ and Ponce- 
let's experiments on the Rhone boat-wheels also give: 

^ = 0,4, 
c 

Introducing v r= 0^4 c into the above formula, the useful effeet 
becomes: 

6 4 c^ #?' £> 

L = 0,8 ^Ji^J^!L£ Fy = 0,192-Fy = 0,884 ^ Qy, 

and hence the efficiency 17 = 0,384. 

Deparcieux's experiments were speeially directed to ascertaining 
the best position for the floats. The result was that an inelina- 
tion of 60^ to thestream is the best. 

lUmark, There hta long been a donbt as to which of the two fönniilas 

L - M (g — tfy V p^ ^^ ^ ^ ix^ (<s-->) c r ^ jj tij^ m^„ ^j,j„ect. The one is 

9 9 

known as Parenf$ formula, the other aa Borda't. Now, althoagh for a whed in an 
unconfined stream acting on the floats, aU the water going through the wheel 
does not asaume the velocity of the floats, yet considering the great extent of 
the floats' surCsoe, it may certainly be presumed that the greater part of the water 
on iropinging, takes the velocity of the floats, and hence the greater accordance 
between experiments in Borda's formula is explained. Parent's formula is founded 
on the assumption that the impact is proportional to the hdght due to the relative 
velocity e^v, {Con^tare vol. i. $ 392, where the force of impact is given » 

1,86-51 Fy when r-0). 

§ 120. Poncelefs tcheeb.^K the floats of undershot wheels be 
eunred so that the stream of water runs along the concave side, 
pressing upon it withont impact, the effeet prodnced is greater 
than when the water impinges at nearly right angles against 
straight buckets. 

Poncelet introduced these wheels. They are of very advanta- 
geous applicati(m for low falls under 6 feet, because their ^ect is 
much greater than that of undershot wheels with or withont a 
curb. For greater falls, breast wheels with a well-formed circle 
excel them, and as their construction is more difficult, they are 
not applied for greater falls than 6 feet. Poncelet has treated of 
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these wheels in a special work entiüed '^ Memoire sur les Boues 
hydrauliques ä aubes coorbes^ mues par-desaous^ Metz, 1827/' 
IHg. 220 represents the general arrangement of these wheels, AE 



pio. 220. 




is an inclined sluice-board, AB is the stream of water entering 
the wheel at the buckets BD and ByDy FG is the surface of the 
tail-race. In order that nearly all the water may come into action, 
the wheel must have very little play in the water-oourse, and to 
prevent partial contraction, the uuder-side of the sluice-board is 
rounded off: also, to prevent loss of vis viva by friction in the 
Channel, the aperture of the sluice is brought close to the wheel. 
The first part of the course AB is inclined at tV to -pr* ^^ 
remainder of the course, which embraces the length occupied by 
three buckets at least, is accurately curved concentrically with the 
wheel, and at the end of it, a sudden dip of 6 inches is made, 
and the tail-race should also be widened to guard against any 
liabiUty to back-water on the wheel. Poncelet-wheels have been 
constructed from 10 to 20 feet in diameter, and with 32 to 48 
floats of sheet iron or of wood. Wooden iloats are composed of 
staves, like a barrel, the outer edge being sharpened, or provided 
with a sheet-iron edge-piece. Sheet-iron floats are, however, 
much more suitable, as good construction is an essential feature in 
this wheel. The sluice is not drawn more than 1 foot in any case, 
and for falls of 5 to 6 feet, an aperture 6 inches high, or less, is 
arranged for. 

§121. Theory of Poncelet's wheels.— To obtain the maximum 
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effSect from thcse wheels^ the 

water must go on to the 

buckets without impact. If 

Ac, = c (Fig. 221), be the 

velocity of the water going 

on to the wheel, and Av^=^v, 

the velocity of the periphery 

of the wheel, we then have 

in the side Acy = Ci of the 

parallelogram A v c c^, the 

velocity of the water in rcfe- 

rence to the wheel, both in 

magnitude and direction. If, therefore, we put the curved float 

AK tangential to Ac^, the water will begin to aacend along it 

without the least shock, with the velocity Cy If we pi^t the 

angle c ^ t; by which the dii*ection of the water deviates from that 

of the circumference of the wheel, or the tangent Av = i, we have 

for the relative velocity of the water beginning its ascent on the 

float8=0fv^c^ + t;* — 2 c V cos, B, and for the angle vA^C\= «, by 

which it deviates from the circumference of the wheel, or from the 

. . • c sin. B 
tangent Av, we have : stn, e = . 

The water ascends on the float with a retarded velocity, and 
partakes of the velocity of . rotation v of the wheel at the same 
time. Ascended to a certain height, its relative velocity is lost, 
and it descends with an accelerated velocity, so that at last it 
arrives at the outer extremity A^ with the same velocity q mth 
which it commenced its ascent. If we combine the relative ve- 
locity Ai Ci=^ Cf wämt xhe water leaving the wheel at Aa with 
the velocity of the circumference ^^ t; = r as a parolellogram 
of the velocities, we have in the diagonal A^ = to the absolute 
velocity of the water leaving the wheel. This velocity is 

w = v^Cj^ + t;* — 2ciV COS. c,' 
and therefore the mechanical eifect, retained by the water, and 
lost for useful effect, is 

If now we deduct this loss from the amount of eflfect -r- Q y, 

2ff 
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inherent in the water before its cntrance on the wheel, we have 
the following expression for the theoretical effect of the wheel : 

or, 88 c« = c,« + r« + 2c, » eo». t, .'. L = ^"i '"'''*■' . Q^, or, 

Cj C09, c^= \/cj* — c* sin. ^ = v'c^ COS. ^ + t^ — 2 ev cos. 5 
= c COS. ^ — V, and if we put this in the above expression^ we have : * ' 

r 2 V (C COS. ^ v) ^ 

X/= Qy. 

ff 
We easily perceive that the effiect is a maximum when v= \ c 

c^ COS. 3^ 
COS. ^, and then L = — 5-^— Q y. Also, the loss of mechanical 

effect is tiüy or the whole mechanical effect available, or Z = ^i- Qy 

2g 

is got from the water when cos. 3 = 1, or when 5 = 0. 

Although it is not possible to make the angle of entrance 5=0, 
it follows from this that 5 should not be a large angle — not more 
than 80^, if a good effect is desired, and it is also manifest that 
the velocity of rotation of the wheel shonld be only a little less 
than half the velocity of the water going on to the wheel, that the 
efficiency may be the greatest. 

§ 122. The vertical height ZO, to which the water ascends on 

c • 
the floats, would be ^ if the wheel were at rest, but as it has a 

velocity of rotation r, there is a centrifugal force arises, acting 
nearly in the same direction as gravity, and giving rise to an acce- 

leration p, which may be represented by — , if a^ be the mean 

radius CM, and v^ the mean velocity of the wheel^s shrouding, or 
the velocity of the point M. We have then : 

and hence, the height of ascent in question h^ = 



In Order that the water may not pass over the top at O, it is neces- 
sary that the shrouding should have a certain depth FO = d, 

VOL. II. 14 
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which is determined by the equation d = LO + FL = Äj + CF 



— CL = h^ + a—aco$.ACF = 



F?) 



+ ö (1 COS. \), 



where X is the angle ACF by which the point of entrance of the 
watcr on the wheel deviates from the lowest point of the wheel F. 
The thickneas of the atream of water d^ is to be added to this, 
because the particles in the upper Stratum must rise by that much 
higher than those of the lower Stratum on the assumption of a 
mean velocity. The depth of the shrouding is, therefore, 



rf=rfi + 



n 



-^a{l—cos.\). 



The width of the wheel is equal to the width of the stream of 
water; or, e = t-— . If the capacity dev^ of the wheel be made 

1\ times that of the water laid on, then we have the equation 
dvi = i dl c to 2 d^c, and hence the thickness or depth of the 

stream laid on = cf. = ^ —^ ^sk^ — -> Another important cir- 

c ^ ^ 

cumstance in reference to these wheels is the determination of the 

points of entrance and exit of the water, that is the water-arc AA^, 

which it is best to set off in two equal portions on each aide of 

the lowest point of the wheel F. The length of this arc depends 

on the time necessary for the ascent and descent of the water on 

the floats. To find this we must know the form and dimensions 

of the floats. If the time = /, then we may put AA^ = 2 X a 

= vt, and hence the points on either side of F, at which the 

V t 
water enters and quits the wheel, are at a distance = X = ^. 

§ 123. In Order that the water when 
it has reached the highest point jfiT, 
Fig. 222, may not run over, but fall 
back along the float, the inner end of 
the float K must not overhang the float 
when in the mean position FK; but, on 
the other band, that the float may not 
be too long, the end K of the float must 
not cut the inner circumference of the 
shrouding at too acute an angle. Hence, 



FIG. 222. 



I 
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it is best to give the inner end of the float a yertical position, when 
the float is in ita mean position« Adopting a cylindrical form of 
float, we get the oentre of the circular arc, its section, by drawing 
MF perpendicolar to Fcp and OM horisontaL From the depth 
of duronding FO = d, we have the radins : 

FM^KM=r= -^, 

COS. c' 

e being the angle MFO = c^ Fv. 

The time required for theascent and descent oi the water on the 
arc FK may be foond in the same manner as the time of oscillation 
of a pendulom, by snbstituting for the accelerating force of grarity, 

the sum ^ + — of this aoceleration, and that of centriful force. 

This time may be found exactly by the method given vol. i. § 246, 
by putting here, as there, the instant of time required to move 
throngh a small space : ( <./ 

J>.. .... r-^l+ g-; j^_.^. 

In Order to find the time for ascent and descent in the arc FK, 
we have to snbatitute for ^, the central angle MGL, which may 
be determined from the angle Ci Fv = FM8 = e, and the radius 
MF = M8 = r, by the formula : 

NG _ MN—MG rco8.t—kr 

= — (2 CO», e — 1), or sin. i </> = \^cos. e. 
We have now the time t^ required for describing the whole arc \ 
FK, by adding together all the values of the expression : { 

when for cos. ^ we Substitute in succession : 
COS. — ^, COS. — ^. . . COS. -^. But 

COS. - + cot. -^ + cot. -^ + . .+C0». — = 

n n n n ^ 

2» 
14* 



212 poncblbt's whbels. 

= _fj!l*., andhence/,= [| + ^ (| + |i ti^es the sum of 



cosines from to ^ j 1 \f— = 



9 
If we also consider that the whole height of fall, or the diameter 

8 

M& = A, that MF = r, and tliat + ^ is to be substituted for 

g the force of gravity, the whole time for the rise and fall of the 
water on the arc FK is 



^ = 2 /i = [^ -♦- i (« + «n. <^)] 



and ihe length of the water-arc AA^^ (Fig. 221), is 
ft = 2 X a = » / = [</» -44 (^ + «n. ^)] V 



ID 



(, is: 



§ 122. We have now to derive rules for the arrang^nent and 
construction of Poncelet's wheels from these data. We can only 
assume the height of fall A, the quantity of water Q, and the 
numbcr of revolutions u of the wheel, as given, and firom thia we 
have to deduce the velocity of rotation v, the radius of the wheel a, 
the depth of shrouding </, the width of wheel e, and the angles 
3, ty \, and the velocity c^ of the water at the beginning of ita 
ascent. If we attentively consider the formulas above found, we 
perceive that they do not admit of a direet Solution of the problexn, 
but that the method of gradual approximation must be adopted. 

If we lay on the water in a horizontal direction, the deviation 2 
of the direction of the water-stream from the periphery of the 
wheel is equal to the distance \ of the point of entrance firom the 
foot of the wheel. In the first place, we may put as an approxi- 
mation, the velocity of the water entering the whed : c = /x V'2^A, 
and from this again, the velocity of rotation of the wheel r = i c, 
as also the initial velocity of the ascending water c^ = ^ c, we have 

30 t; 
hence also an approximate value of the radius a = , and the 
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same for the depth of ahrouding ^ = ^ = i • »-;> ftud hence also^ 

we obtain an approximate value for the length of the water-arc, 
if we put in the last formula of the preceding paragraph : 

^ = ^, r — _ — L? = 0, and r = rf, then : 
o 

2 \ö = IT r ^ / _, and, therefore, 

With the aasistance of this approximate value of X = ^, the cal- 
culations must be repeated, using the more exact formulaff, and 
taking for the depth of the water-stream d^ an appropriate value of 
from 3 to 12 inches, according to circumstances. The head or 
pressure is then only h — d^y and hence the velocity of the water 
entering the wheel is: 1 . c = /i ^/%g (A — dj), that of the wheel. 

2. V ^\c cos, l. Again the radius of the wheel 3. a = — -- ; 

for the angle s. made by the eircumference of the wheel with the 
end of the float, 

4. cotg, £ = cotg. l ^. = \ cotg. a, or tang. £ = 2 ta$ig. h ; 

and the initial velocity of the water rising on the float. 

5. r, = t?^!!LL = -ü- ; and if instead of ^, we put — , the 

* «71. £ COS, £ a^ a 

depth of shrouding. 



e,« 



6. d= rf, + , ^ av + a (1 — CO». X), 

K^ + t) 

and hence again we have the width of the wheel : 

7. e = Jz-, and the radius of the curvature of the floats : 

d^ c 

8. r = , and the angle ^ : 

C09. € 

9. m. i * = '^cos. £, and lastly the length of the water-ai-c, 
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10. Ä = : 

and firom this the aocurate valae of : 



, = .x. = (*+±±^).y^> 



Even after these values bave been found, the calculations may be 
repeated on the more accurate foondations. 

Rxmi^.^lt 11 required to ueertain the genenl propoxtions of a Ponodet midei^ 
shot-wheel. (»va^ the heigfat of ftU 4,5 feet, the qoantity of water 40 cabic feet per 
•eoond. If we make the radina « - 2 A « 9 feet, and allow the thkkiieaa of the 
stream d^ «j^-075 «set, and fiirther, fi - 0,90, then the irek)dty ol £achai«e 
e - 0,9 ^/2g (A— dj) - 0,9 x 8,02 VI^TF - 7,218 x 1,9S6 - 14 fect; and, theie- 
fore, the velocity of the wheel, as alao the initial Telocity of the water, ia appnud- 
mately v-.«*j»fc-7 feet. Hence the depth of shronding Ia, neariy, 

d^i.f. + d, -}. 3,04 + 0,75 -1,51 ft., and the arc X-a«!-L? /. 

» 0,24, and the angle X^^ corresponding » 14«, for which, howerer, we ahall take 
15». If we now introduce thia valne of ^, we get, more aocorately v « § c cot. a 

» 7 cot. 15» • 6,962 fect, and hence, the number of revolutions u « — ? « 7,05. 

IT fl 

It follows, therefoic, that tm^. c » 2 titnff. ^ - 2 . 0,26795 » 0,53590, .*. c - 28» 

Uf, and, therefore, c, = ^rvr* - 7.6 fect Again, we have the depth of 

eo§, 28», lli 

ahronding d - 0,75 + 9 (1 - cot. 15«) + ^ ^^^^ '^f^ ^^^^ - 1,845 fect; and 

the width of the wheel e « 12 — « 3,89 fect. The radius of corvainre of the 

0,75 . 14 




^^^ ** " eos^^^nr '-2,093 fect, and tlii.if- v'cot. 28».ll *'.-.§ ^« 69», 

51§', and .-. ^ - 139°, 43', f » 2,4385, am. ^ « 0,6466 ; and laaüy, 

X- (2,4385 + 2>-^385 H- 0,6466\ ^ 6^ /2;m3 , 2,824 x 0,3697 . /^ 
V ' 8/18 V36,52 V36. 



eo8. 28«, lli' 
51§', and .-. ^ - 139°, 43', f » 2,4385, am. ^ « 0,6466 ; and laaüy, 

36,52 

» 0,2499, and X» » 14^ 19', fbr which UV" woiüd be subatituted in the actnal 
construction of the wheel, ao that the length of the water-arc, or the length of the 
concentric curb ft » 2 X a » 18 . 0,253 = 4i feet, or 2i fect on each aide of the 
lowest point of the wheel. 

§ 123. Experiments with Poncelei^s wheels. — Foncelet himself 
instituted experiments on the iiseful effect of his water-wheels. 
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These are minntely detailed, and their reaults ascertained in his 
work above dted. 

The first experiments were made with a model-wheel of 20 
inches diameter. It was t>Cwood, had 20 floats^ about -p^ of an 
inch thick^ 2} indes deep, and 8 indies^wide. The greatest 
effects were prodoced when the vdoctty of tKe wheel = 0^5 that 
of the water, as indicated by iheorj« and thenr the efficiency was 
0,42 to 0,56, the former wben the water-stream was kept thin, 
the later when this was inereased, or the ceUs of the wheel better 
filled. Beckoning the efficiency by the height due to the velocity 
of the water, aad not by the actual faU, the effect rises to 0,65 
to 0,72. 

Poneelet afterwards experimented on'^ a water*wheel erected on 
his principle, measnring the effect by means of a firiction-brake^ 
and the resnlts are very much the same as those obtained from the 
modeL The whed was 11 feet in diameter, and had 80 plate- 
iron floats of | inch thickness. The shroudings, arms, and axle 
of the wheel were of wood. The shrouding was 14 inches deep, 
and 8 inches thick, the distance between them, or width of the 
wheel, 28 inches. For a mean head of 4^—4'', and 8 inches depth 
of water-stream, the ratio of the yelocities being 0,52, the effi- 
ciency came to 0,52, which gives 0,60, when the height dne 
to the velocity, instead of the total fall, is made the basis of 
calcolation. Poneelet makes the following deductions from his 
series of experiments. 

The best velocity ratio - is 0,55, bat this may vary between 

c 

0,50 and 0,60 without material diminution of the useful effect. 
Por felis of 6'— 6'' to T—&\ the efficiency 17 = 0,5, for falls of 

5 feet to 6" — &\ the efficiency 17 = 0,55, and for falls of less than 

6 feet iy = 0,60. 

The usefdl effect may, therefore, be represented in the first 
case, by: 

Pv = 0,96 [c — v) V Q ft. Ibs., in the second : 
Pv = 1,06 {o—v) V Qtt. Ibs., and in the third : 
Pv = 1,15 (c— f?) vQh. Ibs. 

Poneelet gives the following general niles for the construction 
and arrangement of his wheels, deduced from his experiments. The 
distance between 2 floats, at their outer extremity, should not 
exceed 8 to 10 inches, and the radius of the wheel should not be 
less than 3'— 4" (1 metre), nor morc than 8'— 2'' (24 metres). 
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The ans of the water-stream should meet the periphery of the 
wheel at an angle of 24P to 30^, and be inclined about 8** to the 
horizon. The offset at the end of the curb should be sufficient to 
insure the water's free escape from the wheel, and the space left 
between the wheel and the curb wonld not exceed -| inch. 

According to the experiments, the efficiency increases with the 
depth of the water-stream laid on, and therefore, caieris pafibu9^ 
as the Alling of the cells. Further experiments prove that the 
degree of filling of the cells is an important dement in the question. 
§ 124. Recent experiments. — Morin has quite recently insti- 
tuted experiments with three wooden and one iron-whed, con- 
structed on Poncelet's principle, using the friction-brake. They 
were made with the special object of t.esting the advantages of a 
curvilenear course for laying on the water, proposed by M. Ponce- 
let ; as also, for the purpose of getting more exact information as 
to the influence of the relative dimensions of the wheels, for in 
several wheels that have been erected according to Poncelet's 
rule, it is found that when the deviation from the mean velocity 
is considerable, the water overruns the floats, {see " Comptes ren- 
dus, 1845, t. xxii). As to the curved water course, its object 
Fio 223 ^*® *^ ^*y ^^^ whole of the water on to the 

wheel without impact, and not the top or 
bottom Stratum only. When the water-stream 
is straight ABED, Fig. 223, the upper 
layer of water DE meets the periphery of 
the wheel, as also the float, at a different 
angle from that at which the lower Stratum 
does ; so that if one enters without impact, the other cannot do 
so. Tf, howcver, we hoUow out the bottom of the course as AOB, 
the water-stream comes upou a smaller arc BK, and the diffe- 
rence in the direction of the periphery of the wheel and the 
layers of water is less, and therefore the impact is less than when 
the water-stream embraces the arc BE. 

The three wooden wheels were respectively 5' — 3", 8^ — S", 
and KK — 3'^ in diameter. The diameter of the iron wheel was 
9'— 3". The buckets were of sheet-iron. The first three 
wheels were 16 inches wide, and the other was 32 inches. The 
depth of shrouding was 30 inches. It was found that wooden 
wheels, having very little inertia, moved unsteadily, and hence arose 
a loss of water. The smallest wheel revolved very unsteadily, and 
for a fall of 18 to 22 inches, the cells bcing at least half filled, the 
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efficiency was 0^485. Had the weight of the wheel been greater, 
its efficiency would probably have been 0^55. The second wheel, 
having a fall of 30 inches, gave an efficiency = 0,60 to 0,62. The 
third wheel was used to make experiments on diffierent lengihs of 
floats. It appeared that for a fall of 22 inches, a length of 17 
inches, and for a fall of 28 inches, a length of 24 inches is too 
little. Ponoelet's curved lead was adapted to this wheel, and it 
was fonnd the efficiency was increased, and also that the degree 
to which the cells are filled, might be made § withont incon- 
venience. 

The experiments with the iron wheel were instituted with falls of 
4 feet to 4^ feet, and of 3 feet, the wheel being free from back-water, 
and with a fall of 15 inches, the wheel being in back-water. For 
slaioe-openings of 6 inches, 8 inches, 10 inches, and 11 inches, 
the maximum efficiency was 0,52, 0,57, 0,60, and 0,62 respec- 
tively, and for variations in the number of revolutions between 
the limits of 12 to 21, 13 to 21, 11 to 20, and 12 to 19, the 
efficiency did not differ more than -rV, -t^, -fV> ^^^ i f^™ ^^ 
maximum values. From the results of these experiments, it fol- 
lows, that for wheels with the hollota water-lead, the effect is 
expressed by the formula : 

Also, that the best yelocity ratio - = 0,5 to 0,55. That the «ame 

c 

eflFect is produced whether the water in the race be 5 inches below, 
or 8 to 10 inches above the bottom of the whe6l — that the 
efficiency falls as low as 0,46, if the wheel be in back-water to the 
depth of half the depth of the shrouding. The roain advantage of 
the new form of lead is, that the wheel may vary its velocity of 
rotation within wider limits without material diminution of the 
efficiency. Morin considers that for falls of 3 feet to 4 feet, a 
breadth of shrouding equal to the half of the radius is a good 
Proportion to adopt, and that the capacity of the wheel should be 
double that corresponding to the water to be laid on, t. e. the 

co-efficient of fiUing c =-4^ should be made = J. 

Remark, It would thus appear that the capacity of the wheel treated in our last 
example is too small, and that it would have been better to have made rf, = 0,5 ft., 
and e » 5,71 ft. 
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§ 125. Small wheeb. — ^There are some otlier vertical water- 

wheels that have been applied, besides the Systems we have now 

discussed. There are some very small wheels of 2 or 3 feet diame- 

ter, and which are moved by the pressure or impact of water. 

D'Aubuisson describes in his '^ Hydraolique,'' small impact- 

wheels ACB, Fig. 224, with 
"<»• 224. faiig of 6 to 7 metres, often to 

be met with in the Pyreneea. 
These wheels are firom 7 to 10 
feet in diameter, and have 24 
hollowed floats. Their effect is 
about 73 of that of an overahot- 
wheel of the same fall. The 
effect of such a whed may be 
calculated by the theory of 
breast-wheels above giyen, for 
these wheels are nothing mote 
than breast-wheels with a great impact fall and small heig^t, dming 
which the water can act by its weigfat. To prevent the spilling 
of the water, the wheebi are hnng in a curb with close-fitting 
sidea. Such wheels may be very neatly made of iron, and are to 
be found in North Wales. This kind of wheel is very commonly 
employed at the forges in the Alps. 

Fig. 225 represents a wheel recenüy erected by Mr. Mary, 
and described in the '' Technologiste, 
Sept. 1845." The water here works 
chiefly by pressure. Belanger experi- 
mented with the wheel, and reported an 
efficiency of 0,75 to 0,85 for a velodty 
of 4 feet per second. The wheel con- 
sists of a shrouding of plate-iron, 13 
inches wide and 6 inches deep, and 
7' — &' in diameter, and having six elliptical floats strengthened 
by ribs. 

The curb is made to fit very accurately, and sheet-iron fendrars, 
fitting close to the wheel, prevent the water in the lead fix>m 
escaping into the race. The power with which such a wheel 
revolves, is of course the product of the weight of water, measured 
by the difference of level in the lead and in the race, by the area 
of the float. 



no. 225. 
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LUmmiwt. The Utcntnre treatiiig ai Tertiod wiler-wlieela it yerj extennr« { bat 
ihere are few works npon the tabject worthy of mach tttention, u ihe moit of thon 
g^Te Tery mperfidal tnd even erroneoai Tiewt of the theorj of these wheels. Bytel- ' 
wein in his " Hydnidik," treati very genenUy of water-wheelB. Gentner fai bis 
** Mechamk" treati Tery folly of andenhot-wheelB. Langedorfs '< Hydranlik" oon- 
taina litUe on thia sobject D'Anbuiaaon In bia work <* Hydranlique k Tiiaage dea 
iBg^nienrB," tieata Tery folly of oTerahot-wheela« Narier treata water-wheela fai 
detafl in Ua <« Le^na," and in hia edition of " BeUdor*! Aiefaiteetore Hydranliqoe.'* 
In Poncelet'a '< Cowa de M^caniqne appliqn^" the theory of water.wheela ia 
briefly, bot ytrj dearly, let forth. In the ** Treatiae on the Mannftetoiea and 
liachinery of Great Britam," P. Pariow haa given detaila on the ecmHfmUUm of 
water.wheela, but hu not entered into the theory of their effecta, ftc. Very com- 
plete drawinga and deacriptiona of good wheela are given in Armengaad'i ** Tratte 
pratique de Moteors hydrauliqnea et ^ ^apeur/' Nkholaon'a ** Practica! Mechanic" 
containi lome naefal infbnnation on thia aobject. The moat oomplete woric hitherto 
pobliahed on vertical water-wheela ia Bedtenbacher'a '' Theorie und Ben der Waa- 
senrider, Manheim, 1846." Poncelefi and Morin'i Memoin ha?e been already 
citcd. / 
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§ 196L b hopBoii t »l wflier-wlieek^ the water ivoduees its effect 
dther bgr tayad^ "bj pmmtre, er hj reaeiion, bat never directly 
by its mä^rt. Heaee^ hcnrizontal irBter-wheela are clmwfipd as 
impadp-wlMeliy kjpdnRilie pressure-wlMela, and reaction-wbeels. 
Theac wbcek «re mom very commoiJjr i taof^ m / U J L by the gcaeric 
term imtima, (Germ. Kreuebräder). 

The fmpac/-wheel8 have plane er Mhir pufctoy es nUA the 
water acta more or less perpendicularly. The preswre-wheeh 
have carvedbuckets, along which the water flows^ and ihe reactian- 
wheeb have as their type a close pipe, from which the water dis- 
chargea more or leaa tangentially. Fressure-wheels and reaction- 
wlieels are generally very similar to each other in construction, the 
easential difference between them being^ that in the former the 
ceUs or condnits between two adjacent buckets are not filled up 
by the water flowing through them, while in reaction-wheels the 
section is quite filled. 
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According to the different directions in which the water mores 
in the conduits of pressure- and reaction-wheels, two Systems arise. 
The relative motion of the water in the conduits is either hori- 
zontal, or in a plane indined to the horizon, and usually 
vertical. 

In the first System, there are to be distinguished those wheels 
in which the water flows firom the interior to the exterior, and 
those in which the water takes the opposite course, and of the 
second System, there are the distinct cases of the water flowing 
from above downwards, and that in which it flows from below 
upwards. 

Horizontal water-wheels in which the water flows from above 
downwards, are often named Danaides, 

§ 127. Impact'Wheels. — Impact-turbines, as shown in Fig. 226, 
are the simplest, but also the least efficient form of impact-wheels. 
They consist of 16 to 20 rectangular floats AB, A^B^, &c., so set 
upon the wheel as to incline 50*^ to 70^ to the horizon. The 
water is laid on to them by a pyramidal trough EF, inclined from 
40^ to 20^, so that the water impinges nearly at right angles to 
the floats. Such wheels are employed for fidls of from 10 to 20 



FTG. 226. 
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feet, when a great number of revolutions is desired, and when 
simplicity of construction is a greater desideratum than efficiency. 
Wheels of this form are met with in all mountainous countries of 
Europe, and in the north of Africa, applied as mills for grinding 
com. They are made from 3 to 5 feet in diameter, the buckets 
being about 15 inches deep, and 8 to 10 inches long. 

The mechanical effect of these wheels is determined according 
to the theory of the impact of water as follows. The velocity 
Ac = c, Fig. 227, of the watcr impinging, and the velocity 
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Av ^v ot the buckets may be each decomposed into two velocities 
expressed by the formulas : 

Cj = c «m. ^f c^^ c COS. ^, Vj = r sin. a, and v^^ v cos. a, 
d being tbe angle cAN, by whieh the direction Ac of the stream 
of water deviates from the normal AN, and a the angle HAN at 
which the normal is indined to the horisson, or by whieh the 
direction of the wheeFs motion deviates firom the normal^ or the 
plane of the backet firom the vertical. The component velocity 
Ci = c sin. B, remains unchanged^ as its direction coincides with 
that of the plane of the bücket^ the component c^=^ c cos. B, is 
on the other band changed by impact into r^ = v cos. a, as the 
bücket moves away in the dir^^on of the perpendicular with this 
velocity. The water^ therefore^ loses by impact a velocity 

j ^, j- 1 jf jr ^ (c cos. B — V cos. a)* ^ Ti» 
and the correq)onding loss of effect = ^^ ^ ^ Qy. If 

now we deduct firom the whole available mechanical e£fect 

o~ Q y» the above^ and fiirther^ the effect : 

( ( ^-^— H '• — ) Q y,/ which the water flowing away with 

the velocity v'c^ sin. ^ -f t;* cos. c? '=- a retains^ the mechanical 



effect commonicated by the wheel^ is 
- {c cos. B — V COS. ay 
_ {c cos, B — V cos, a) v cos, a 



L=^Pv=: [c^—{ccos.B — vcos.ay—{(^sin.B^'^i^cos.a^)] ^^ 

^9 



To get the maximum effect^ we must make cos. 3 = l> or ^ =5 0^ 
or direct the stream at right angles to the bücket, and besides 
this, as in other similar cases abeady treated, we must make 

V COS. a ^ \c, or v = ^r . The maximum effect correspond- 

A cos, a 

ff 

ing, is Pr = i 5- Q y = i Ä Q y, or the half of the entire 

mechanical effect available. 

§ 128. The effect of impact-wheels is increased by surrounding 
the buckets with a projecting border or frame, or by forming them 
like spoons, as shewn in Fig. 228. Vol. i. §385, explains the 
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^^' ^8* canae of this increaaed effect, but we 

may here determine the amoiint of 
thia increaae. Ab the backet movea 
in the direction of the stream, with 
the yelocity v^^v co$. a, the rela- 
tive yelocity of the water in referenoe 
to the backet may be pat : 

Ci = e — v^ = c — V eoi. a, 
and if ßrs the angle Ci O c, by whidi 
the water is tamed aside ftt>m its 
original direction, the absolate velocity of the water flowing off: 

to = VCi' + V + 2 Ci V^ C08. ß 

= i/ (c — V COS. a)* + t;* cos. a* -h 2 (c — v cos. a) v co$. a co». ß, 
and hence, the correaponding losa of effect : 

Qy 




■CO*. 



ßn 



29' 



Qy. 

and. 



Qy, 



= [c* — 2 (c — V COS. a) V cos. a (1 

and the effect of the wheel : 

r D /^ — «A i^ /i o\ (^ — vcos. a)v cos.a 

^"^''"V"2F) Q>=(1-^^-^ ^^ g 

When the backet« are plane, ß = 90^, /. cos. ß ^ 0, 
therefore 

-. _ (c — V cos, a) V cos, 

" 9 

aa we have already foand, thoagh by an entirely different method 
of enqairy. In the case of hoUow backets, ß is greater than 9(y, 
and therefore cos. ß is negative, and hence 1 — cos. ß is greater 
than 1, conseqaently the effect is greater than in plane backets. 
To this class of wheels belongs those termed in France rouets 
Volants, upon the effect of which MM. Piobert 
and Tardy have recorded ezperiments in a 
work entitled '^ Exp^riences aar lea Roaes 
hydraoliqaes ä axe vertical, &c., Paris, 1840/' 
The foUowing are results of experimenta on a 
small wheel of 6 feet diameter, 8 inches high, 
having 20 curved buckets, Fig. 229, with a 
fall of 14 feet (measuring from surfaoe of 
water in lead to bottom of wheel), and with 10 cubic feet of water 
per second: 



FIG. 229. 
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For- = 0,72, i> = 0,16; 
c 



„- = 0,66, , = 0,31; 



„ - = 0,56, •> = 0,40; 
c 



.. t? 



and hence, in cases in wliicli the velocity ratio - does not much 
differ firom 0,6: Pv = 0,75 {c — v cos. a) L£2Lü Qy. 



Exaw^. What effect may be ezpected from an imptct-turbine with hoUow 
buckets (Fig. 229), there being 6 cabic feet of water, and a fall of 16 feet at dispo- 
lition ? If we neglect the depth of the wheel itaelf, the theoretical Telodty of 
entnnee of the water c * VTgh » 8,02 V16 » 32,08 feet, and if the hielination 
of the trongh be assnmed as 20«, the mott advantageous velocity for the wheel 



16,04 



2co9,a cot. 20® 
attainable is X » Pv » 0,75 
289 . 393,5 » 2638 feet Ibs. 



17 feet, and henoe from the abore femrala, the effect 

t^ C0§, V? 



Q y » 1 . 031 . 17 . 6 . 62,26 » 0232 x 



FIG. 230. 



§ 129. ImpacU and reacUan-wkeels. — ^If we give the buckets 
greater length, and form them to such a hollow curve, that the 
water leaves the wheel in a nearly horizontal direction, the water 
then not only impinges on the bücket, but exerts a pressure on it, 
and, therefore, the effect of the wheel is greater than in the 
impaet-wheel. The theory of such wheels is merely an extension 

of that given in § 127. 
If we conceive a normal 
erected at the point of 
entrance A, Fig. 280, 
and if we again put the 
angle cAN= ^, and the 
angle v A N = a, we 
have the lost velocity 
arising from impact : 
v^=C€09. ^ — V eos.a. 



1 


1 


1 


1^^^ 


.-. "'-■■-" 


\ 



and the loss of effect corresponding = '—^ — - Q 7» 

The velocity with which the water begins to flow down the 
buckets is C| -h c, = c sin. ^ + v sin. a, and if we put the height 
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BHy through which the water descends on the backet = Ap we 
have the relative vdocity of the water at the bottom B of the 
bücket : 

c^ = V{c^ + c^Y -f 2^A, = ^/{c9m. a + r «».«)* + 2 gh^. 
But the water poasesaes the velocity v in common with the wheel^ 
and therefore the absolute velocity of the water' flowing from the 
whed : w = ^c^ + t^ — 2 c^v cos. 0, where = the angle 
£4 BO, at which the lowest dement of the bücket is inclined to 
the horizon. The loss of eflfect corresponding to this is : 
tt^ ^ /cj + v^ — 2 c.v COS. 0\ ^ 

z^^-^^y- — 2r — >>^'" 

If we deduct these two losses from the whole avaikble effect^ we 
get the usefiil effect communicated to the whed : 

£ s Pv =: [i^—{c COS. ^—i; COS. a)>— (C4»+ tr»— 2 c^ v cos. 9)] ^ 

in which we have to Substitute for c^ the value above given. 

If the water impinges at right angles ^ = 0, and 
c^ = V'r* sin, a* + 2 gh^, and, therefore, 

L = [c« — (c — V cos. ay — (<?4* + f^ — 2 c^ v cos. 0)] ^ 
SB ]2cvcos.a — (1 + cos.c?)^ — t^««. a" — 2gh^ + 2t;co^. . 



»/\^s%n.€? -f 2^*1] 2T- 



= [(ccM. a — v) » — gh^ + vcos. V'r' ««. a' + 2^Äj] ^ • 

In Order that the water may produce its maximum effect, it should 
fall dead from the whed, or v> should = 0. This requires that 

0=0, and c.— t?f i. e. r* ««. a* + 2gh^ = r*, /. r = VJ^ja^ 
S^ O cos* a 

§ 180. PressurC'Wheels. — If the water is to be laid on without 

impact, then v cos. a must = c cos. ^, and in order that the 

water may quit the whed, deprived of its vis viva, we must have : 

= 0, and C4 = V, i. e. {c sin. 5 + v sin. cCf + 2 gh^ = v*, or 

if sin. ^ + 2 c t? sin. a sin. ^ + 2 gh^ = v* cos. a' = c* cos. ^. If 

again, we subtract from both sides :2cv cos. a cos. ^ = 2€^ cos. ^, 

then : c* sin. ^ — 2 c v {cos. a cos. i — sin. a sin. ^ -h 2 ghy 

= — c^cos. 5*, or <?• + 2ghi = 2 cv co«. (a -h ^), and, therefore, 

2 c CO«, (a + ^) c CO«. ^ 
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in which A^s^the velocity of the water at entranoe^ and therefore 
* + *! the whole fall, ^ is the angle cAv between the velocity of 
the water and that of the wheel. The theoretical effect ig, in the 
latter case = (A + Ä^) Qy, and the efficiency i| = 1, because there 
is no losa from any cause. When for such a wheel, the best velocity 
of rotation v has been found, we get the requisite position of the 

buckets by drawing through 
the point of entranoe A^ Fig. 
231, a line parallel to t^ c, com- 
pleting the parallelogram Avcc^. 
The side A C|, thus given, gives 
the rdativo veloeity «p with 
which water beging to descend 
along the bücket, in magnitude 
and direction, and also the di- 
rection of the upper element of the bücket. 

That the water may flow unimpeded through the openings BB^y 
&c., the foot of the bucketg mugt have a glight inclination to the 
horizon. If we put the mean radius of the wheel = a, and the 
mean length of the bucketg, measured on the radius, = /, we may 
put the gection of the orifice of digcharge = BN . /= BB^ sin. 9 . /, 
and, therefore, the gection of the united orificeg of the wheel 
= 2 «• a / «n. 9. If, again, c^ = the relative velocity with which 
the water arriveg at the bottom of the wheel, or, if c ^ t ^ ^ /* ♦ ? 

^2= \/c* + r* -h 2 er C09. 4> + 2^Äi, 

we have 2 v al sin. 9 = ^, and, therefore, for the requisite angle 




sin. 9 = 



2iral(^ 



Rrnnark. Acoording to fhe theory of tbe imptct of water, or of kydrauUe pmmirtt 
exponncled in oar first volume, it is not necessary that v cot. a =* c cot. ^, or which 
amounts to the tarne, that the component c, of the velocity, shoidd fall in the direc- 
tion of the hucket. According to vol. i. $ 43, the relative velocity 4r, of the water 
in reference to the hucket AB^ Fig. 232, is the diagonal of the parallelogram con- 
fltructed from the abaolnte velocity of the water c, and the velocity of the wheel v, 
taken in the opposite direction ; therefore, c^ s* Ve* + t^ — 2ev eo9, ^ If now, 
the direction, hut not the magnitude, of this velocity be changed by the shock on 
the hucket, we have the relative velocity at discharge, after descent through the 
height BH = *„ c, = ^/c,* + 2gh^ = Vc^ + r«-— 2r»cof. + 2ghi : lastly, that 
the whole effect may be taken up from the water, we have to make : 

VOL. II. 15 
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c* » r, or c» + v< — 2 c V «M. + 2 ^A, » r\ therefore, 
2 e eoi. f e cot. f 
§131. Bordc^$ turbine. — The wheels diseussed in the last 
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Paragraph, are called Bordafs turbines, from their haying been 
the Suggestion of that distinguished officer and philosopher. 
Their construetion is shewn by Fig. 233, wbich is a skctcb of one 
driving 6 amalgamation-barrels, at the silver mines of Huelgoat in 
Brittany. The curved buckets are composed of three beecb 
boards put carefully together, and the inner and outer casings 
are composed of staves, the outer one being bound by 2 iron 
hoops. The diameter of the wheel is 5 feet. The buckets 14 
inches long or deep, and 16^ incbes wide. There are 20 of 
them. The fall was 16' — V, and the wheel makes 40 revolutions 
per minute. 

There are no good experimeuts on the efficiency of Borda's tur- 
bines. Borda gives 0,75 of the theoretical eflfect as the useful 
effect, or X = 0,75 . [Ä + Ai — {ccqs. ^ --^ vcos. a)^ — t o^ Q y. 
Poncelet very justly remarks that it is\&dvisable to make the 
diameter and the height of the wheels as great as possible, so as 
to curtail the length of bücket, that is, bringing the outer and 
inner casings near to each other. By giving height to the wheel, 
the fall due to the velocity is diminished, and therefore the velocity 
of the water and of the wheel are less. By keeping the diameter 
great, the number of revolutions falls out less, and as for a larger 
wheel, the capacity remaining the same, the width of the wheel 
may be less, and then the difference of velocity of the particles of 
water adjacent to each other will be less. 

Exan^le. What qiumtity of water mast be supplied to a Borda's turbine, con- 
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l n ahewn in Rg. 233, whicb with a fall of 15 feet ii to drive a pair of mill- 
atones requiring 2 hone power? SuppoM the wheel to be 1| feet high, theo the 
theoretical velodty of entrance of the water : 

e - 8,02 v^l6 — 1,75 - 8,02 ^lljB - 28,16 feet. 
If the water be laid on at an angle of 30^ to the horizon, then the letst velodty of 

rotation vii v ^^i^ -^ ^^) ^ ^Jß ^ IS » 19 2. U the water enters withoat 

c cot. f 28,16 X cot. 30* 
shock, the velocity with whtch it begins iti descent along the hucket is : 
Ci = -v/c» + «* — 2cvcoff.0 - -v/c« + !»•— c*— 2^*1 - Vv^—2gh^ « 16feet. 
For the angle ^, at which the apper dement of the buckett must incline to the hori- 
zon, we have: ^y - i- /. m. + - ^^ jm. 30» - 88, /. + - 61», 40'. If 
«tu. f c, 16 

we give the bottom of the hucket an incUnation of 25* to the horizon, we get for the 
absolute velodty of the water ilowing away : 

w » 2 V «m. ^ » 2 . 19 «m. 12^0 - 8,2 ft., 
and hence, the efliect : 

Z, . I (* + A, - 2!) Qy - i (l*-|^ • «2,25 Q - 652 Q, 
That we may have 2 horse power, or 1100 feet pounds per second, we must have 
-7-— a 1,7 cuMc feet of water per second. If the mean radius (measured to the 

oentre of the buckets) of the wheel be 2 feet, and if the water space be 6 inches 
Wide, we get the united areas of section of the orifices of discharge at the bottom of 
the wheel ^2% al tm, eaiir.4.|«tii.25*» 2,65 Square feet, which is quite 
tulBdent to pass 1,7 cubic feet of water per second, with a velodty of 19 feet. 

§ 132. Roue8 en cuves. — ^To this category of turbines belongs 
those horizontal wheels enclosed in a pit or well, firequently met 
with in the south of France^ and called roues en cuves, (Ger. 
Kufenräder). Thejr are described by Belidor in the '^ Architec- 
ture Hydraulique/' by D'Aabuisson in his '* Hydraulique/' and 
Piobert and Tardy, in the work already cited^ have given the results 
of experiments instituted on one of these wheeld. These wheels 
are very gimilar in form to those last described (Fig. 229). They 
Fio 234 ^^ generally 1 metre in diameter, and 

have 9 cnrved buckets. They are made of 
only two pieces^ and are bound together by 
iron hoops. The axis CD (Fig. 234) Stands 
on a pivot^ the footstep of which is on a 
lever CO, by which the wheel may be 
raised and lowered as the millstone may 
require. The wheel is near the bottom of 
a well, 2 metres deep^ and 1,02 metres in 
diameter. The water comes into the well 
by a lead laid tangentially to it, about 13 feet long, the breadth 

15* 
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at the outer extremity being 2' — 6", and at the entranoe to the 
well about 10 inches. The water flows in with a great veloeity, 
aequires a rotatory motion in the wheel-chamber^ and acta by 
impact and pressure on the wheel-buckets, flowing through it into 
the tail race. There is evidently a great loss of water in such 
wheels, and their efficiency is consequently sroall. Piobert and 
Tardy found an efficiency of 0,27 for a tpe//-wheel at Toulouse, 
the fall being 10 feet, with 18i cubic feet of water per second, 
and the number of revolutions u = 100. Por u = 120, the effi- 
ciency 17 was = 0,22, and for u = 133, i| = 0,15. The wheels of 
the Basacle mill, at Toulouse, give an efficiency of 0,18. 

D'Aubuisson mentions that wheels of this kind have been 
erected recently, the wheel being put immediately under the 
bottom, and made of somewhat greater diameter than the well. 
The pyramidal trough for laying on the water is much shortened, 
and by these means the efficiency has been raised to 0,25. These 
wheels are, therefore, at best, inferior to the impact-wheels already 
treated of. 

§ 183. Burdin's turbines. — M. Burdin, a Prench engineer of 
mines, proposed what he terms a " turbine ä ^vacuation alterna- 
tive.^^ They are the best wheels of the category now under exami- 
nation. They differ from Borda's wheels only in this essential, 
namely, that the water enters them at various points simulta- 
neously, and that the orifices of discharge are distributed over 
3 concentric rings. This latter arrangement is adopted, that the 
water discharged with a small absolute veloeity, may not hinder 
the revolution of the wheel. The first wheel of this kind was 

erected by Burdin for a mill 
at Pont-Gibaud, and is de- 
scribed in the '^ Annales des 
Mines, iii. s^rie, t. iii.^' 
Pig. 235 represents a plan 
of this wheel. ABD is 
the pentrough immediately 
above the wheel, having a 
series of orifices EF in the 
bottom, through which the 
water is laid on to the wheel with a slight inclination. The wheel 
revolving on the axis c consists of a series of conduits, the entrances 
to which make together the annular space GBH, which moves 
accurately under the are EF formed by the trough-openings, so 
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that the water passes unimpeded from the one into the other. 
The conduits (Fr. couloirs) are vertical at the upper end^ and 
nearly horizontal^ and tangential at the bottom. The lower ends 
are brought into tkree distinct rings, so that the third of the 
nmnber of entrances only, discharge in the ring yertically under 
them, one third as K discharge withm^ the others as L^ discharge 
outside this ring. 

From the experiments made on the turbine erected at Pont- 
Gibaud by Burdin, it appears that for 3 cubic feet of water per 
second, and a faU of 10,35 feet, the efficiency was 0,67. The 
impact-tnrbine formerly in the same position consumed 3 times 
this quantity of water to produce the same effect. The diameter 
of the wheel was 4,6 feet, and the depth 16 inches. The number 
of bucketo 86. 

§ 184. Effect of cefärifugal farce. — In the turbines hitherto 
under consideration, the water moves nearly, if not exactly, on a 
cylindrical surface, and therefore each dement of water retains the 
same relative position to the axis, or at least does not vary it mach. 
Bat we have now to consider wheels, in which the water besides a 
rotatory and vertical motion, possesses a motion inwards or out- 
wards in reference to the axis, and more or less radial. The 
peculiarity of such turbines is, that their motion depends on the 
centrifugal force of the water, so that they might be termed cen- 
trifugal turbines. Before entering on a discussion of these wheels, 
it will be well to investigate the effect of the water's centrifugal 
force, when its motion is in a spiral line round a centre, or when 
the motion is radial and rotatory at the same time. The centri- 
fugal force of a body of the weight G, revolving at the distance y, 

,with an angnlar velocity «, round a given point, is F= -, (vol. 

y 

I. § 231). If this weight moves also "a small distance ir radially 

outwards, or inwards, then this force will have produced or 

absorbed an amount of mechanical effect represented by : 

Pff = sL-, If then, we assume that the motion commences 

in the centre of rotation, and continues radially outwards, so that 
ultimately the distance of the weight firom the axis = r, we may 
ascertain the mechanical effect produced by the centrifugal force 

by substituting in the last formula o- = — y, introducing succes- 
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sively however, — , — , 



2^ 2r 8r 
n' n' n 
cal effects resulting by summation. 
in question is : 

««Gr/j;^ 2r 3r 
n 



nr 



— , and uniting the mechani- 
Hence the mechanical eflfect 



L = 



^9 
n^ff 



\ n n 

(1 -h 2 -h 3 + 



nr\ 
n ) 



+ n) = 



Gf^ n(n + l) 



v?g 



or. 



as we must assume n infinite : 

^9 



X = 



v?g 



2 



«'S«- 



when t? is the velocity of rotation « r of the body at the extreme 
point of its motion. As this mechanical effect is produced by the 
centrifugal force when the motion is from within ouitoards, it 
must be consumed when the motion is from without^ inwards. If 
the body does not come to the centre at the end of its motion^ bat 
remains at a distance r^ fix)m it^ then there remains an amount of 

effect - ^ G, and the body consumes therefore only the effect 

if Vi represent the velocity of rotation at the distance r^, or end of 
the motion, as v represents it at the distance r or commencement 
of the motion. If the motion is from within outwards, then the 

— 9 ^) ^* 

§ 135. Poncelefs turbine. — One of the most simple horizontal 

wheels, in which centrifugal force 
influences the working, is Poncelef s 
turbine, shewn in Fig. 236, in 
plan. This turbine has curved 
buckets between shroudings, and 
is in fact, one of Poncelet's under- 
shot-wheels, laid on its side. The 
water is laid on by a trough A D 
nearly tangentially, and runs along 
the curved bücket to discharge itself 
in the interior. That the eflFect of 
the water on the wheel may be a 
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maximtiin, it ia neoessary that the water should enter without 
Bhock and discharge into the interior deprived of its vis viva. The 
direction of the end of the hucket A, insuring no shock^ is deter- 
mined exactly as for Poncelet's nndershot-wheel^ by conatructing 
a triangle with the velocity v of the wheel and that c of the water 
entering, and drawing Ac^ parallel to the aide vc. The relative 
velocity Acy with which the water enters the wheel is : 
Ci = v^c* -h »• — 2c V COS. (5, 5 being the angle cAvhy which 
the direction of the stream of water deviates from the tangent to 
the circomference of the wheel. This velocity is, however, dimi- 
nished by centrif ugal force during the motion of the water on the 
backet, and therefore the relative velocity B{^ = c* with which 
the water comes to the inside of the wheel, is less than the above 
velocity c,. Acoording to the result of the investigation in the 
last Paragraph, the water loses an amoiint of effect represented by 

/ — 5 — ^1 Qy, or — 5 — i- in pressure or velocity height, v being 

the velocity of rotation at the commencement, and Vi that at end 

of the motion* If, therefore, ^ be the height due to the velocity 

c * 
at the entrance A. and ^ that at the exit B, we have : 
2ff 

^ = ^ — (^ — ^V and therefore c^' = e^* — v' + r/, 
2ff 2g \2g 2g)' % \ i> 

as c^* = c^ + v* — 2 cv COS. d, Cg' = c* -h Vj* — 2 c v cos. ^, and 

Cj = V'c* + t?i« — 2c V cos, 5, it being constantly bome in mind 

that V is the velocity of rotation at the outer periphery, and r^ 

that at the inner. In order to roh the water of all its vis viva, 

the end B of the hucket should be laid tangentially to the inner 

periphery of the wheel, and also c^ should be made 

c 
= »1, or r^ + Vi — 2cv COS. i = v^y i. e. v cos. ^ = o • 

Por the sake of an unimpeded discharge of the water to the 
interior, the angle di at which the inner end of the hucket cuts 
the wheel, must be made 15^ to 30^, and hence the absolute 
velocity of the water discharged to = Vc^ -h v^ — 2 <?a v^ cos S^, 

or if we assumc v cos, <? = 5, or Vj = Cj, «? = 2 v^ sin. ~, and 

the loss of mechanical effect corrcsponding is ; 



or 
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htüj, the remaining oseful effect of the wheel : 

According to Poncelet, theae wheels should give an efficiency of 
0,65 to 0,75. 

§ 186. Dandides, — ^We shall next treat of horizontal wheels 
which have more or leaa the form of an inverted cone, and which 
are termed in France roues ä patres, or 
Danaides. Belidor describea them in the 
'' Architecture hydraulique/' Fig. 287 
represents the general arrangement of these 
wheels. They consist essentially of a rer- 
tical axis, with a double conical casing at- 
tached. The space between the casing is 
intersected by division-plates, forming con- 
duits running from top to bottom. The 
water is laid on by a trough A at top, and 
flows o£f through the bottom of the cone at 
Ef near to the axis, after having passed 
through the conduits above mentioned. In 
the simplest form of wheels, the division-plates are plane surfaces, 
running vertically ; in other cases they are spiral or screw-formed. 
Belidor describes the wheel without the outer casing, but the 
wheel is plaoed in a conical vessel fitting pretty closely to the 
blades, or division-plates. 

In these wheels, gravity and oentrifugal force act simultaneously 
on the water. If the water enters the wheel with the relative 
velocity Cj above, at the point fi, the velocity of rotation of which 
is V, and flows, in the wheel, through a height A„ the velocity at 
\Jthe bottom of the wheel near the axis will be c^ determined by the 
formula c^ = c^* + ^3^ — t'*« ^^ order that this may be 0, we 
must have r* =? c^ + ^ffh^. Further, that the water may enter 
the wheel without shock, the horizontal component of its velocity 
must equal the velocity of rotation, that is, c cos. ^ = v, S being 
the inclination of the stream of water to the horizon. 

The relative velocity of entrance is c^ = c sin. i, and, therefore, 
the above equation of condition becomes, 

c' COS. h^ = c' sin. e' + 2 ^Ä„ i. e. c' cos. 2^ = 2 gh^. 
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C* h 

The fall necessary for the vdodty is, therefore. A« = s- == \rz* 

^ ^ 2^ C09. 2 i 

If now the whole fall A, + L_ == * then the depth of the 

* C09. 2 3' *^ 

wheel Äj = =— — ^-^> and the height duc to the vdocity : 



By this arrangement there is no los« of mechanical effect, but 
as the axis has a certain sectional area, and the water too requires 
a certain area of orifice for discharge, and thos the water can 
only be brooght to within a certain distance of the axis, its v%9 
vwa cannot be entirely taken up, so that the efficiency is not 
nearly 1,0. 

Bemark. The wbeel jost described is known as Btirdin's D&naide. The older 
Da&ftide of Manoori d'Ectot was diiferently constnicted, though in principle it was 
the same. This wheel oonsisted of a sheet-iron cylinder, with an orifioe in the 
bottom for the discharge of the water, and througfa which the axis passed. In this 
hoUow cylinder, there is plaoed a dosed cylinder in such a position as to leave an 
annnlar spaoe between it and that first mentioned, and also a space between the 
bottoms of the two. This bitter is diYided by plates and bockets placed vertically 
and ladlally into a series of compartments. The water is laid on tangentially into the 
spaoe between the two cylinders, desoends alcng the surfsce to the bottom, indudng 
a rotatory motion of the whole apparatns. In this manner it flowed gradually to the 
bottom, and firom thence reach^ the orifioe of discharge. See " Dictionnaire des 
Sdenoes math^atiques, par Montferrier, art. Danaide/' 

This form of Danaide has been recently perfected by Mr. James Thomson, of Glas- 
gow, so that the eifidency of a model has been proved to be 0,85. The machine 
I am not at liberty to describe fiirther here, but an accoont of it will probably be 
pnblished ere tiiis appears.— TVont. 

§ 137. Reaciion of water. — Before proceeding with the deserip- 
tion and investigation of the theory of reaction-wheels, it is neces- 
sary that we should illustrate the nature of the reaction of water 
in its discharge from vessels. As a solid body endowed with an 
acceleratedmotion|i>i4rreacts in the opposite direction with a force 
equal to the moving force, so it is in the case of water when it 
issnes firom a vessel with an accelerated motion from the orifice. 
This acceleration always takes place when the area of the orifice is 
less than the area of the vessel, or the velocity of discharge grcater 
than the velocity of the water through the vessel. On these 
grounds the vertical pressure of the water in the vessel HRF, 




(according to vol. i. § 19) /? a? = u; r, and therefore K = — - w k 
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FIG. 238. Fig. 238^ from which the water flows down- 

wards at F^ is less than the weight of the 
raass of water in the vessel. The decrease 
of this force, or the reaction of the water 
flowing away, may be determined as follows. 
If the horizontal layer AB of the water flow- 
ing out^ has a variable section G, a variable 
thickness x, and a variable acceleration p, 
its weight is Gxy, and its mass 

G X *v G X ^ 

= -. and therefore its reaction K = = . p, If now, w 

9 9 

represent the variable velocity of the layer of water^ and c its 
increase in passing through the elementary distance x^ we have 

9 
If F be the area of the orifice, and v the velocity of discharge^ 

Fy 

then Gw = Fv, and therefore K = 1? c To obtain the re- 

9 
action of all the layers of water^ we must Substitute in the last 
expression for <c, the increments of velocity Cj, ifg, Cg . . . c „ of all 
the layers of water, and sum the results. The reaction of the 

Fv 

whole mass is thus P = — y (^i + «^2 + • • • + '^ )• If c be the 

y 
velocity of entrance of the water, the sum of all the increments of 
velocity = r — c, and therefore the reaction required : 

P = — ^ (v — c) = ^^ ^ Fv .y =: . Qy, 

9 9 9 

Q being the quantity discharged per second. If, however, the 

orifice F be very small compared with the surface HR, then c may 

be neglected, compared with v, and 

P= — Fr = 2 . ^Fy = 2 Ä . Fy. 
9 ^9 

So that the reaction is as great as the vertical impact of the water 

on a plane surface, (voL i. § 385), that is, equal to the weight of 

a column of water, the basis of which is the area Fofthe orifice, 

or ofthe stream, and whose height is double the height due to the 

velocity (2 h) ofthe water discharged. 

If the water flow out by the side of the vessel as shewn in 
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Fig. 239, the direction of the reaction is then horizontal, and the 

^« 
amount is in like manner = — F y. If the water-vein be con- 

y 

^acted, and if a be the co-efficient of eontraction, then instead of 
F, we must put Fa, or P = — . a F y. 



Flo. 239. 



Remark, Mr. Peter Ewart, of Manchetter, 
made experiments to test thü result, 
(" Memoirs of the Manchester Phil. Soc. 
▼oL II)." The vesael HRP, (Pig. 239), was 
hung OD a horizontal axis C, and the re- 
action measured by a bent lever balance 
ADB, upon which the Tessel acted by 
means of a rod GA, bearing on the 
point directly opposite to the orifice F, In 
the discharge through an orifice in the 
thin plate, it was found that 

P^IM—Fy. 

If we take the section of the stream : 
Fl « 0,64 . F, and the effective Telodty 
of discharge », « 0,960 (vol. i. J 315), we 
have, acoording to the theoretical formola : 

/>«2.|^,Fjy«2.0,96«.0.64.^/'r-M8^/'y, 

nearly the same as the experimental result. When the orifice was provided with a 
mouth-piece formed like the vena contracta^ it was found that : 

P s 1,73 , Fy^ the co-efficient of dischai^ being 0,94. As in this case F, =^ P, 
and o » 0,94 tr, the theoretical result is : 

P =« 2 . 0,94« — Fy^ 1,77 . — Fy, 
2ff 2g 

or a very close agreement with the experimental result. 

§ 138. Reactum-wheels.—li a vessel, as HRF, Fig. 240, be 
placed on a wheeled carriage, the reaction moves the carriage in 
the opposite direction from that in which the discharge takes 






FIG. 240. 



FIG. 241. 
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place^ and if a vessel AF^ Fig. 241, be connected with a vartical 
axis C, it will cause it to revolve in the direction opposite to that 
in which discharge takes place. If a constant supply of water be 
maintained, a continuous rotatory motion results. This contri- 
vance is the reac/ton-wheel (Fr. roue a riactum ; Ger. Beactums- 
rad), commonly called Barker^9 mill in Britain, and Segnet'» 
water-wheel in (jermany. The simplest form of this wheel is 
shewn in Fig. 242. It consists of a pipe BC, firmly connected 
with a vertical axle AX, of two pipea CF and CG at right angles 
to the first, having orüices in the sides at F and G. The water 
discharged from these orifices is continually supplied by a trough 
leading into the top of the upright pipe. In applying this arrange- 



Fio. 242. 



PIG. 243. 





ment, the upper mill-stone is generally hang immediately on the 
axle AX; but for other applications the motion might be trans- 
mitted by any suitable gear. 

Reaction-wheels are also raade with more discharge-pipes or 
conduits than two, as shewn in Fig. 243. The vessel HR is made 
either cylindrical or conical. In order to bring in the water at 
the top without shock, the great Euler adapted a cylindrical end 
to the pentrough, immediately above the wheel, putting a series 
of inclined guide-buckets into it, analogous to the arrangement 
introduced by Burdin for his turbines (vol. ii. § 133.) 

There is a simple reaction-wheel erected by M. AlÜians, of Val- 
lendar, in the neighbonrhood of Ehrenbreitstein, for driving two 
pair of grind-stones, which we have seen and admired. The 
ai'rangemcnt of this machine is shewn in the accompanying sketch. 
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no. 244. 




Fig. 244. The water is laid on by a pipe B desGending beneath 

the wfaeel, and turn- 
ing vertically up- 
wards. The i^rig^ 
axle AC, with its 
two anns CF and 
CG, is hoUow and 
fits on to the end 
B of the snpply- 
pipe. There ia a 
stniBng-box at B 
allowing of the free 
rotatory motion of 
the wheel, and at 
the same time pre- 
venting Iobb of water 
at the Joint. The 
rectangakr orificea 
F and G, are opened 
or ahnt by means of vanes or alide-valvea moved by rods attached 
to a collar E on the axle, moveable by means of the lever HM. 
The water snpplied by the 9-inch pipe B, flows through the arms 
of the wheel, and through the apertnres F and 6. Ulis arrange- 
ment haa the advantage of »upporting the whole, or great part of 
the weight of the machine npon the water, so that there is little 
or no friction on the base. If G be the weight of the machine, 
h the head of water, 2 r the diameter of the pipe at J3, then 
iri^ A y = 6, and therefore, in order to support the machine, the 

radias of the pipe should be r = ^ /J[L_ . The quantity of water 

expended by this machine is 18 cubic feet per min. the fall is 94 
feet, and therefore the mechanical effect at disposition is 1755 feet 
Ibs. per sec. The length of the arms is 12^ feet, and the number 
of revolutions 80 per minute, or the velocity at the periphery 
89,8 feet per second. 

Remark 1. The fint accoant of a reacüon-wheel, as an mTention of Barker, is 
giTen in Desagiüier's " Course of Experimental Philosophy, vol. ii. London, 1745." 
Eider treats in detail of the theory and best construction of tbese wheels in the 
<* Memoirs of the Berlin Academy, 1750—1754.'' 

Remark 2. The effidency of reaction-wheels is reputed as extremely small. Nord- 
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wall makei it only half of that of an overahot-wheely and SchHko's experiments on 
SQcb a wheel gave the effidency only 0,15. 

§139. Theory of the reactum-wheel. — ^The effects of reaction- 
wheels may be determined theoretically as follows. If h be the 
fall^ or the depth of the centre of the oiifices below the sarfaee in 
the feed-pipes^ we have the height measuring the pressure of water 

on the orifices A^ = A + ^ ^ and therefore the theoretical velocity 

of discharge c = ^ ^2gh + v*. This is not, however, the abso- 
lute velocity of the water at efflux from the wheel, for it partakes 
of the velocity of rotation v in common with the wheel> in the 
opposite direction. Hence the absolute velocity of the water 
leaving the wheel : «? = c — v = f V2 gh + »• — v, and the loss of 
mechanical effect corresponding : 

The co-efficient of velocity ^ being assumed = 1, then 

2y \ 9 f * 

and deducting this from the efifect at disposition^ the useful effect 
remainingj is : 

T (h ^\ n v{V2gh-^v' — v) ^ 
This increases as v increases, for if we put : 

Vv* -{- 2gh = r + ^ ^-5 + . . . we have : 

and for V = « ^ L =s Q A y^ the whole effect available. 

This circumstance of the maximum effect depending on the 
wheels acquiring an infinite velocity, is very unfavourable ; because 
as the velocity increases, the prejudicial resistances increase, and 
even when the wheel runs without any useful resistance, the 
velocity it aequires is far from being infinite, proving the absorp- 
tion of effect at these great velocities. 

The question of course is, as to whether the effect for mean 
velocities of rotation be very much less than the maximum effect. 
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or Q A y. If we load the machine to such an extent that the 
height due to velocity, corresponding to the velocity of rotation^ 

is equal to the fall, or g- = A, or v = ^/%gh, then, according to 
the above formula : 

but if jr- = 2 Ä, then : 

^9 ^ 

and lastly, if 5- = 4Ä, then : 

It thus appears that in the first case we lose 17, in the second 10, 
and in the third only 6 per cent of the available effect, and there- 
fore, for moderate falls, and when a velocity of rotation exceeding 
the velocity due to the height of fall may be adopted, there is a 
great effect to be expected from these wheels. Considering the 
great simplicity of these wheels, the balance must often be much 
in their favonr when compared with other wheels. 

Remark. Tht foree of rotation or of reaetion is : 

V g 

andfwO, P- 2^-£* Q 7 « | Q y - 2 . ^ Fy, m we showcd, voL 11. J 146, 
although by a differeiit method. 

§ 140. WMt€lav/$ /tirMi^.^Within the last fewyears, the pipes 
or condoits of reaetion- wheels have been made curved, and snch 
wheels are known as WhiteUnifs, or Scottish turbines. Manonri 
d'Ectot constmcted wheels on nearly the same plan as long ago as 
1818, {see ^^ Journal des Mines, t. xxxiii/') The Scottish tur- 
bines, constructed by Messrs. Whitelaw and Stirrat, of Faisley, are 
described in the ** Description of Whitelaw and Stirrat's patent 
Water-Mill, 2nd Edition, London and Birmingham, 1848.'' One 
peculiarity of WhitelaVs wheel, consista in the introduction of a 
moveable piece at the auter orifice of the conduits by which its section 
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is re^jlated. Fig. 245 is a horizontal section of one of WhitdaVs 
Fio. 245. turbinea. There are^ in this caae, three 

arms. The water enters at E, and is 
discharged at A. OA is a valve move- 
able round O, by which the orifice of 
discharge is regulated. The adjustment 
of these regulators has been made self- 
acting by a peculiar arrangement, but 
is better regulated by the hand^ by an 
apparatus analogous to that shewn in 
Fig. 244. 
The general arrangement of Whitelaw's turbines is clearly shewn 

by Fig. 246. A is the lead for the water. B the sluice. C a 

pio. 246. 





reservoir immediately above the pressure-pipe. £ is a valve for 
regulating the expenditure of water. At F the water enters the 
cylinder G, and goes from thence into the wheel HK placed above 
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it^ and fised on the vertical axis LM. The reaction of the water 
Streaming frora the three orifices^ drives the wheel round in the 
oj^osite direetion^ and this motion is transmitted by the bevilled 
gear LN. The wheel^ the axle, and the pressure-pipe are of 
cast iron. The footstep fbr the pivot at M is of brass. Oil is 
introduced by a pipe O from the wheel-room. 

We shall hereafter rccur to the theory and geometrical construc- 
tion of this wheel. 

§ 141. Combe's reaction-w/ieel, — As being analogous to White- 
law's, we may next consider Combe's reaction- wheel. The water 
Mows from below upwards into these wheels, and the wheel differs 
essentially from Whitelaw^s in having so great a number of con- 
dnits or orifiees of discharge^ that it may be said to discharge at 

every point of the circumference, 
as the plan of the wheel in Fig. 
247 shews. AA is a plate con- 
nected with the axis^ and forming 
the Upper shrouding or cover of the 
wheel. BB is the under shroud- 
ing, and upon it, between this 
and the upper plate, the buckets 
EE are fastened. DD is a cylin- 
der surrounding the lower part of 
the axis, through which the water 
is laid on to the wheel, entering 
the wheel by all the apertures 
between the buckets on the inside, 
and Streaming through the con- 
duits formcd by the buckets to be 
discharged at every point of the outer circumfercnce. Another 
essential difference between this and Whitelaw^s wheel, arises 
from the absence of the water-tight Joint between the wheel B 
and the end of the pipe leading the water to the wheel, and which 
is quite necessary to Whitelaw^s wheels. The reason of this diffe- 
rence is, that the pressure of water in a reservoir or vessel, from 
which the water is running, is different at differ^nt points. The 
pressure is greatest where the water is nearly still, and least where 
the velocity is greatest (vol. i. § 307). The velocity of the water 
depends, however, upon the section of the reservoir or vessel, 
and is inversely proportional to the section, and thus by varying 
the section, the pressuie may be made to vary at will, or it may 
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be made only equal to that of the atmosphere. If we bore a hole 
in the side of a vessel at the point where the pressure of the water 
flowing past is only equal to the atmospheric pressure^ there will 
be no discharge, nor any indraft. Thus, that no water may 
escape^ and no air be drawn in through the space necessarily left 
between B and D, it is only necessary to give the section certain 
Fio. 248. dimensions at the point of pas- 

sage. 

Remark. Ck>mbe'8 wheels are loine- 
times provided with guide-buckets fbr 
laying the water on to tbe wheel in a 
definite direction. 

Redtenbacher forma the water-tigfat 
Joint between the main pipe AB and the 
wheel DEF,hy means of a moTeable 
brass ring CD which is pressed so tigfatly 
up against the lower ring-sw&ce D of 
the wheel, that the water does not es- 
cape. The ring CD mnst alide in a well- 
constructed water-tight coUar. 

§ 142. Cadiafs turbine. — ^The next wheel we shall describe is 
Cadiat's turbine. These have no guide-curves, like Whitelaw's 
and Combe's, but as in Foumeyron's turbine, the water is brought 
in from above. The peeuliarity of this wheel is the introduction 
of a cylindrical sluice, which shuts the wheel on the outside. 
Fig. 249 is a vertical section of this wheel. AA is the wheel, 

FIG. 249. 
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BB being a ftaucer-formed plate oonnecting the wheel with the 
axle CD, The pivot C of this axle rests in a footstep, which we 
shall hereafter have occasion to allude to more particularly. EE 
is the reservoir with circular section commnnicating with the lead 
fV, and Coming in immediate contact with the upper plate or 
shrouding of the wheel. That the water ooming into the wheel 
may not be unnecessarily disturbed or contracted^ the reservoir 
gradoally widens both upwards and downwards^ as the figure 
shews. The discharge of the water ia regulated by the cylindrical 
sluice FF on the outside. This sluice is raised or lowercd by 8 or 
4 rods^ connected with mechanism for the purpose. That there 
may be no escape of water between the sluice and the aide of the 
reservoir, the Joint is made with leather. 

The upright axle CD is enclosed in a pipe HH, to the bottom of 
which is attached a plate KK, reaching to the inner circunife- 
rence of the lower shrouding of the wheel, so that the water is 
shat off firom the disc or plate BB of the wheel. This arrange- 
ment is adopted from that first introduced by Foumeyron in his 
torbine. 

Btmari, A oomplete and aocurate detcription of one of Cadiai's torbines, as ori- 
ginany oonstrncted,- n giveii by Armengaud, sen., in the second volume of his 
" Pablication IndnstrieUe." 

§ 148. Faumeyron^s turbine. — Fourneyron's turbines as they 
have been recently made, may be considered as one of the most 
perfect horizontal wheels. They work either in or out of back- 
water, and are applicable to high and to low falls — are either high- 
preasttre or low-pressure turbines. In the low-pressure turbine, 
the water flows into the reservoir, open above, as shewn in 
Fig. 250. In high-pressure turbines, the reservoir is shut in at 
top, and the water is laid on by a pipe at one aide, as represented 
in Fig. 251. The wheel consiats essentially of two shroudings, 
between which are the buckets of the connecting plate or arms, 
and the upright axle, as in Cadiat's turbine. The water from the 
lead ^ flows into the reservoir EE. In order that the water may 
not reat directly on the wheel-disc BB, which would greatly 
increase the pivot-friction, a pipe encloses the upright axle, to 
which there is attached a disc FF, upon which the mass of water 
presses as it flows to the wheel. On this disc the so-called ffuide- 
curves, ab, ajf^, &c., (Fig. 250 or 252) are fastened. These give 

16* 
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the water a certain direction of motion on to the wheel, which 
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surrounds them, and through it along the buckcts^ to be dis- 
charged at the outer circumference. The reaction is such thai 
the wheel revolves in the opposite direction^ the guide-curves and 
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their support remaining at rest. To regulate the discharge of 
water, there is a cylindrical sluice KLLK, Fig. 252, in the inside, 
which is raised and depressed by three rods M, M. . ., connected 
with mechanism suited to the object. The sluice KL is a hollow 
cast-iron cylindcr, the outer «urface of which nearly touches the 
inside of the upper shrouding of the wheel, and they must there- 
fore be both accucately turned. The sluice is made to slide water- 
tight in the reservoir by a leather or other fitting above LL. The 
sluice is generally lined with wood, rounded at top And bottom, 
so as to prevent eontraction as much as possible, that is, to prevent 
all losses of vis viva. In high-pressure turbines, the rods for 
working the sluice pass through the cover of the reservoir through 
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stuffing-boxes. Sometimes the regulaiion is eficcted by raising or 

FIG. 252. 
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depressing the bottom plate Pig. 253. For this purpose, the top 

rio. 253. 




of the pipe GH is screwed, and the female screw M is attached to 
a conical wheel, moved by gear, as O. The female screw is fixed so 
that its motion raiaes or lowers the pipe GH. There is also 
attached to GH a plate or piston HL, havmg a water-tight 
packing. 

§ 144. The pivoi and footstep.— The pivot and footstep are 
very important parts of the turbine. The weight of the turbine, 
oflen considerable, and the velocity of rotation, give rise to a great 
moment of friction on the pivot, which would wear very rapidly, 
unless it were well greased. It faas been frequently observed that 
the pivot and brass of turbine axles wear much more rapidly than 
the pivot« of other upright axles. This is attributable partly 
to the heating of the pivot firom great velocity of rotation, 
but chiefly to the difficulty of lubricating the bearing-points 
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which are under water. In order to meet this evil^ turbine-makers 
have endeavoured to diminish the weight as much as possible^ 
to increaae the rubbing surface, to prevent tlie contact of the 
water with tlie rubbing surfaces^ and also^ to keep up a conti- 
nuous Bupply of olive oil or nut oil> between tbe surfaces in 
contact. 

At tbe Upper end of the axle^ there most of course be a oollar 
or other support, in which it can revolve. 

A very simple footstep^ applicable chiefly when the weight is 
inconsiderable^ is shewn in Fig. 254. The pivot C, rests in a 

rio. 254. 



^^^^^^^^^^^^^^^^^^^^^^^^I^^^^^^^^^^^^^^B^^^I 








■ _ Ä 1 




^^""^T^I^H^"!^ 1 




, ^^bJbiHI^^I»!^ 










> 


^^^^ ^ ^y^^^^^^^^B^^^^M^^M 






P-^ — = — ■. • i.'i^ — »stiii^SiÄi^^^^^^^^^^^^B^H^^B^^^^^^^^H 






p i ^^^=^^^^^^^^^^^^^^^^w 






"' I" " J '^^^^^B^^^^^^W 










'^•:^A 






'^/ 'A 







rio. 255. 



hrass 2>, which is supported on a blocke moveable up or down, as 
may be required, by means of the foldinff-key PS. The oil is sup- 
plied by a pipe R passing by the side of the key, and through the 
bottom of the block and brass. 

Fig. 255 is the arrangement of footstep 
adopted by Cadiat. ^ the foot oftheup- 
right shaft. B a hardened steel pivot at- 
tached to -^4 by screw or wealding. C is a 
hardened steel siep for the pivot. DEED 
is a cast-iron block or case for the step^ EE 
being a brass eaaing. Fis a pipe taking oil 
to the sp'aee between B and E, G is a lever 
for raising or depressing the turbine. 

Foumeyron has very much oomplicated 
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the constraction of the pivot and footstep^ to attain pennanence. 
Fio 256 '^^^ gencral arrangement is ahewn in Fig. 252, 

and iU details are »hewn in Fig. 256. Fig. 
252 shewa that the footstep Z is in a block 
which rests on a lever ORy turning round O, 
when elevated or depressed by the rod RS. 
(7 is a pipe for bringing oil to the footstep^ 
the head of which should be as high as possi- 
ble. That the circulation of the oil may be 
active, it should at all events be oonsiderably 
above the surface of the water in the lead in 
low-pressure turbines, and there should be a 
means offorcinff in a supply for high-pressure 
turbines. The parts A and B immediately in 
contact with each other are of hard steel. The 
Upper part A is fixed in the shaft G, and the 
lower part B fits into a hollow piece DD, and 
is moveable upwards and downwards by a lever supporting the 
whole, and passing through O {OR, Fig. 252). The surface of 
A is hoUowed^ and the head of B rounded^ and both are sur- 
rounded by a collar EE, which keeps the oil between the rubbing 
surfaces. The oil^ brought down in a ptpe, «Hters at a kito the 
hollow Space b, and from thence^ through e, passes into the space d. 
Out of this it flows through three Channels ef, on the periphery of 
the steel bearingi rising perpendicularly from the bottom and 
running inclined to the top^ where three radial fiirrows serve to 
distribute it sufficiently. Lastly^ there goes from the centre of A, 
a hole gh into the axis^ through which the oil escapes outwards^ so 
that a circulation is maintained. 

§ 145. Sirength or dimensiona. — ^In designing a turbine for a 
certain fall of water, there is, besides the chief dimensions of the 
wheel itself, the strength of certain parts to be calculated. The 
strength of pipes, &c,, is to be calculated by the formulas gir^i 
in vol. I. § 283, and at vol. ii. § Sl^ we have treated of the S S 
dimensions necessaiy for shafts. If L be the useful effect of a 
turbine in horse's power, and u the number of revokitions per 
minute, we have for the requisite diameter of the upright shaft 



d = 6,12 //^ inches. J?.-yi/^/ 



The strength of the bottom plate, &c.« are easily determined 
by reference to the theory of the strength of materids, but the 
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nature of the casting fixes the dimensions^ so that there can very 
rarely occur any necessity for calculation. 

Remark 1. In tbe erection ot turbines, not only tbe weigbt of tbe parts of the 
machine, but tbe water-presture bis to be considered. Tbe Utter bas eapedally to 
be considered in bigb-pressure torbinet. It mnst not, for example, be lost sigfat of, 
tbat tbe water presses against tbe reservoir with a foroe equal to ibe weigbt of a 
column of water baving tbe section of tbe pressure-pipes as base, and tbe keüd qf 
water as beigbt ; and tbat tbe knee-piece on the preasure-pipes tends to move wiüi 
tbe same force, but in tbe opposite direction. 

Remark 2. For determining tbe dimensions of tbe pivot, tbe rule which limits the 
pressure on every Square inch of tbe brass to 1500 Ibs., and that for a sted pivot on 
a Steel bearing to 7000 Ibs. might be used ; but we know from what bas been said 
aboTe in refSerence to the wear of these points, that it is preferable to make the 
pivot only very little less than the diameter of the shaft. The above numbera refier 
to shafts baving a moderate velodty of rotation, and as the wear increases as ibe 
weigbt, and as the velodty of rotation besides, it is evident that turbines revolving 
with great speed, should have proportionally large pivots and bearings. 
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§ 146. TTieary of reaciion turbines. — For the investigation of 

the mechanical proportions and 
effects of Foumeyron's turbines, 
we shall use the foUowing nota- 
tion : 

r, = CA, Fig. 257, the radins 
of the inside of the wheel, or ap- 
proximately, that of the periphe- 
ry of the bottom plate. 

r = CB, the radius of the out^. 
side of the wheel. 

Vi = the velocity of the interior 
periphery. 

t? = the velocity of the exterior 
periphery. 

c = the velocity with which the 
water flows from the re82rvoir or guide-curves. 

Ci = the velocity with which the water enters the wheel. 
Cjj = the velocity with which the watft leaves the wheel. 
a = the angle c ^7 which the direction of the wuter leaving 
the reservoir makes with the inner circumference of the wheel. 

ß =: the aipgle CyAT made by the water entering the wheeU 
buckets with*the inner periphery of the wheel. 

^ = the angle c^JiTj^^ roade by the water-stream leaving the 
wheel, with the outer"periphery, 

F = the area of the orifices of diecharge from the guide-curves. 
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F^ = the sum of the areaa of the orifices by which the water 
enters the wheel. 

F, = the sum of the areas of the orifices at the outside of the 
buckets. 

h = the entire faU of water. 

hl the height from surface of lead to oentre of wheel^ or oentre 
of orifice of diseharge from resenroir. 

h^zzz hl — A the depth of the entrance orifices to the wheel^ 
bdow the orifices of diseharge^ or if the wheel works imder water^ 
below the surface of the tail race, and lastly : 

X = the height, measuring the pressure of the water at the point 
where it passes from the resenroir or guide-curves into the wheel. 

In the first place, for the velocity c due to the difierence of pres- 

>i 

sures h^ — x, we have — = h^ — x, or more. accurately, if the 

water in flowing from the guide-curves loses an amount of hydrau- 
lic pressure = f • o-> ^«»^ (1 + 2Ö "^ *^ ~ ^' therefore. 



c = ^2A=:f), andinyersely, Of = Ai-(1 + 0^- 

In Order that the water may enter the wheel without shock, it 
is necessary that the velocity of diseharge should resolve itself into 
two components, the one of which must coincide in magnitude 
and dircction with the velocity of the inner circumference of the 
wheel, and the other must coincide in direction with the stream 
entering the wheel-conduits or Channels. This being taken for 
granted: if the velocity with which the water begins to flow 
through the Channels Ac^ = c^, we have it firom the formula : 
Cj* = c* + t?i* — 2cvi €09. a. 

The velocity of diseharge e^ may be deduced from the pressure 

c • 
height « and A, at entrance änd exit, firom the height ^, being 

that corresponding to the velocity of entrance, and from the 
increase of pressure height corresponding to centrifugal force of 

the water in the wheel ^ 7"^' (vol. ii. § 14«) : »3 Zr 

^ — a._Ä«4-^ + ^—^\ Qj, gubsAtöf ing the above values 

of x and C| : 
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or as A^ — Aj = A, the whole fall : 

Cj« = 2^Ä + !?• — 2 c Vi COS. a — i.(^. 

If we further asaume that by friction and curvilinear motion in 

xc ' 
the wheel-channels, there is a loss of hydraulic head = -5-^, thcn 

more accurately : (1 + x) c^ = 2^A -fr* — 2 «?, cos. a — f . c". 

The quantity of water Q:=: Fe — F^c^ = FgCj, /. c = -^, and 

t?, = -i- », and therefore we have for the velocity of the water 
leaving the wheel : 

§ 147, Best velocity. — In order to get the maximum effect from 
the water^ the absolute velocity of the water leaving the wbeel 
must be the least possible. But this velocity is the diagonal Bw 
of a parallelogram constnicted from the velocity of discharge c^ 
and the velocity of rotation v : 

w = Vcg* + t?' — 2c^v COS. 5 = \/{Ci — t?)' + 4 «^ » Cfin. ^ j ; 

and d is to be made as small as possible^ and c^ = v. Bat in 
Order that there may be free passage for the necessary quantity 
of water, it is not possible to make ^ = 0, bat this has to be 
made 10^ to 20^; whenever, thensfore^ we make Cj = t?, there 
remains the absolute velocity : 

and the loss of effect corresponding is : 



(«rm-iy 



We now perceive that the maximum effect is not got when v = e^ 
but when v is something less than Cq > but it is also manifest that 
for V =: c^ and for a small value of i, the short-coming from the 
maximum effect can only be very small. As^ besides, in assuming 
f = c^ we get very simple relations^ we shall do so in the sequel^ 
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and introduce this into the last equation of the preceding para- 
graph. We then have : 

[} ■*■ ^ (fT '^*]''' + 2^ . -^ r- CM. a—v^ = 2yÄ, or, 

I 2 j^ . -^ CO*, a + f (j^y + X I r* = 2gh; and, therefore, 

the velocity of the wheel corresponding to the tnaximtim effect 
required, is: 



•■V 



8yA 



2§.^co,.a+f(5)'+; 



F 

Instead of the section ratio -r^, we may introduce the angle 

ß. The nnimpeded cntrance of the water into the wheel requires 
that c 8houl4 not be altered in entering into it, or that the radial 
conqMnent of c, AN = c nn. a, shoald be equal to the radial com- 
ponent of Cj i. e. c, nn, ß, and also W^^e tangential component 
c COS. a of c^^e tangential velocity AT^=z c^ cos. ß + Vi of the 
water already within the wheel. According to this : 
Cy sifi. a ri j ^ ^^* ß 

c stn.p Vi stn,\p — a) 

Besides this, as Fe = F^c^ = F^r = — F^v^ ; we have 

Ei—h. -£- — ü ^w. ß 

F ^ r ' Vi ^ r ' sin.{ß — a)' 
and the velocity of outer periphery of the wheel : 



/t\Y rin.ßeos.a . / r, rin . ß »X» 
'^KrJ sin. (ß—a) ^ * \rHn. iß—a)) 



+ X 



and hence the velocity of the inner periphery : 



_ ^ _ %gh 

"i-r"- rin.ßcos.a ( »in. ß V ^/rV' 

N ' *i» 03— a) "^ ' Vx «•». 08— a)/ "^ V r, / 
N^lecting the prejudicial resistances, we shoiild have : 

r, = ./?!^^IZ^\ = Vgh{\-tang.acotang.ß). 
' V nn. ß CO», a 

§148. Pressure of the waler. — ^With the aid of this formula 

for tfa we can dctermine the pressure exertcd on that part of the 
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rescrvoir where the water passes from it on to the wheel, we 
liave: 

. = »,-(1 + ^ = ».-(1 + o'4 Gaf|4^)' 

_. {l + Ohsm.ß' 

2sinß.cos.a9m.{ß — a) + (Hn.ß' + x[^J [mOS— a)]' 

1 + CO*. 2 a—eotg. )9 m. 2 a + f +it (j-J ( ^' jf ^ "^^ 
Neglecting prejudicial resistances we have : 



ar = Aj- 



1 + COS. 2 a — coiff. ßsin. 2 a 

If the turbine work free of back-water^ we have in the caae of 
the turbines of Foumeyron, Cadiat, and Whitelaw, hi=^ hy and, 
therefore, 

_ cos, 2 a — coig. ß sin, 2 a - 

"" 1 -f COS. 2 a — cotg.ßsin. 2a' 

if, howeyer, the turbine works in back-water, then A^ = A + ^ 
and, therefore, 

— cos . 2 a — co tg.ßsin.2a ^ -i- A. 
"" 1 -f COS. 2 a --- cotg. ß sin. 2 a' ^* 

If in the first case the pressure is to be = 0, t. e. equal to the 
atmospheric pressure, then x ^0; but if in the second case, it 
must be equal to the pressure of the back-water against the orifices 
of the wheel, then o? = Ag, but in both cases we should have : 
cos. 2 a — cotg. ß sin. 2 a = 0, i. e. tang. ß = tang. 2 a, er 
/8 = 2 a. 

Ify thereforCy the angle ofthe water' s entrance ß, be ttpice the 
angle ofexit a, the pressure at the pobfU where the water passes 
from the reservoir to the wheel, is equal to the extemal pressure 
ofthe atmosphere, or ofthe back-water. 

On the other band, it is easy to perceive that this internal pres- 
sure is greater than the extemal pressure, \i ß > 2a, and it is 
less than this when ß < 2a, These relations are somewhat dif- 
ferent when the prejudicial resistances arc taken into account, as 
it is very proper to do. The equation betwcen the external and 
internal pressure then Stands thus : 
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or coig. ßsin. 2 a = co9. 2 a + * ( — ) (co9. a — cotg. ß sin. a)* ; 
If in the last member we introduce : 



4 a / o COS. 2a 

cotg.ß = cotg.2a = ^f^^, 



that is : 



cotg. ßsin. 2a == cos. 2a + k (0 (^^J 

= COS. 2 a K I I . -j-r r^ , 

\ri/ 4 {cos. ay 



it foUowB that : 



sin. 2 a 

iang. ^ = ^^y j 

cos.2a + kI — 1 



4 {cos. a)t ^ 

couaequeutly ß is somewhat smaller than 2 a. 

If we neglect again f and c^ we have by introdueing the value 
/8=2a. 



andc= V^2jrA. If the internal pressure be greater than the 

extemaL then v. > — — —, and c < \^2gh, and if it be less 
' ' cos. a' ^ ' 



than this, then v^ < JLIü^ and c > V^2 ah. 
COS. a ^ 

§ 149. The discassion as to pressures in the last paragraph are 
of great importance in the question of the constmction of tnrbines ; 
for^ the point of transit from the reservoir to the wheel^ cannot 
be made water-tight^ and therefore water may eseape^ or water 
and air get in^ by the annular apertnre. That neither of these 
circumstances may oeeur, turbines must be so construeted^ that 
the internal pressure of the water passing the slit may equal the 
extemal pressure of the atmosphere^ or of the back-water, if the 
wheel be submerged; we must^ in short^ have ß = 2a, or better 
still, satisfy the equation : 
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rin, 2 a 



tang. ß = 



€09. 2 a + ff 



(^y 



(2 coa. ay 

Turbines are constructed so that in the normal state of the 
sluice being fully opened^ the above equation is Batisfied, or, so 
that a slight excess of pressure x eiistB, at the risk of losing some 
water through the space left between the bottom plate and the 
wheel| thus providing for variations of velocity of discharge^ from 
variations in the area of the section F of the orifices by the difie- 
rent positions of the tnrbine-eluice^ regulating the quantity dis- 
charged. 

§ 150. Chaice ofthe angles a and ß. — If we do not take the 
internal pressure into consideration, the angles a and ß may have 
very arbitrary values. The formula 

V, = Vgh(\ — tang.acoty.ß) = /\j9h{\ — ^^ 

gives an impossible value for v^y when a o > ^> *^** ^^^ ^^^° 

a < 9(y, and ß < a, or when a > 9QP, and ß > a. These values 
of a and ß sve, therefore^ not to be admitted. I( a= ßy then 
Vi = 0^ and hence we see that the best velocity of rotation becomes 
so much the less, the nearer the angles a and ß approach equality. 

ITie formulas c = . ' .^' n, and F« = -^ . -: — ^ , F, givei^ 

negative values, involving iinpossible conditions, when ß \ a. It 
is therefore necessary in the construetion of turbines, that ß > a, 
and that a < 90^. 

Between these liuiits, we may choose various values for a and ß, 
although they do not all lead to an cqually convenient or advan- 
tageous construetion. Foumeyron makes ß = 90®, and a = 30° 
to 33®, some constructors make ß less, and others greater than 
90®. When ß is made 90^, or less, the curvature of the buckets 
is greater than when ß is made more obtuse. Great curvature 
involves greater resistance in the cfflux, and hence it is adviseable 
to make ß rather obtuse than acute, that is, to make ß = 100^ to 
to 110®. The angle a must then be 50® to 55®, if the internal 
pressure is to balance the extemal. In order, however, that the 
Channels formed by the guide-curvcs, may not diverge too much, 
and that the equilibrium of pressure may not be disturbed by 



_J 
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depressioDB of the aluice, this angle is made from 30° to 40^^ and 
if the torbine revolves free of back-water, then a should not be 
more than 25° to 80^; a is however never made very acute^ 
becaoae witb the angle a, the area of the onficea of discharge 
▼aries^ and therefore the quantity of water discharged would 
diminish, or the diameter of the wheel must be greater for a given 
quantity of water expended. On the other band we have to bear in 
mind, that the lossea of effect increase as t^, and that therefore^ 
cateris paribus, a turbine will yield a greater effect — ^will be more 
efficient — ^when revolving slowly^ than when it haa a great velocity 
of rotation. According to tlds^ the construction should be so 
arranged that a and ß do not differ widely from one another> 
from which would foUow an internal pressure less than the 
eictemal. If a be the height of a column of water balancing the 
atmospheric pressure^ the absolute pressure of the water as it 
passes oyer the spaoe between the wheel and bottom plate is a+^> 
and if this pressure = 0, then the water flows with a maximum 
velocity c = v^2^ (Aj — x) = \^2gjh^~+a) from the reservoir. 
It a -j- X were negative, or ar < — a, there would arise a vacuum 
at the point of passage of the water into the wheel, for the water 
would flow even faster through the wheel than it flowed on to it 
from the reservoir, and so air would rush in from the exterior, 
greatly disturbing the flow of the water. If, therefore, we intro- 
duce into the formula instead of 



x= h- 



1 + COS. 2 a — cotff. ß rin. 2 a * 
af = — a, we then have : 

1 + COS. 2 a — cotg. ßsm, 2 a = t— ; — , hence : 

A + a 

tonn Q — ^^' ^^ — (* "*" ^) ^^' ^^ 

h + a 
and therefore the corresponding best velocity of rotation : 



§ 151. Turbmes mthout guide-curves. — For turbines without 
guide-curves we may make a = 90^, because the water flows by 
the shortest way, or radially, out of the reservoir. In this light we 
have to consider the turbines of Combes, Cadiat and Whitelaw. 

VOL. II. 17 
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If we introduce into the formula for the best velocity a = 90^, 
we get : 



V, = 



V; 



2£A 

2 »in. ßco9.9QP , ^ {sin. ß\* / r V 

' cos.ß + ^ K^^Tß) +'\tJ 



— ^g ; neglecting prejudicial resistauces, 

f {tanff. ß)^ + ^ (-^) 

however, Vj = a / '^ = oo . Bat, for two reasons^ the wheel 

cannot aequire au infinite velocity. There is a limit, in the first 
place^ when the mechanical efiect at disposition is absorbed in 
overcoming prejudicial resistances^ that is when 

A= [(2m.i-)%^(a tan,, ß)' + .] g, or. 



' \/{2Hn4)\'{^tan,.ßy 



+ •: 



and in the second place when 

X =: — a, i. e. Ä — f 

1 / r, V sin. ß \^ . r i.i. ^ • i_ 

2^Vf • «». (/3-90°) ) =« + A. that« when 



X =: — a, i. e. Ä — o- == — a, or TT- = a + A, or, 
2ff ^g 



r 

V = 



= — cotg. ß \^2g {a + A), because then the füll discbai^ 

hy füll flow ceases, and the circumstances are quite changed, seeing 
tbat the water cannot flow from the reservoir in quantities suffident 
to supply the discharge of the wheel-channels, when their section 
is fillcd. 

If we introduce into the above formula : 



"■"V' 



2ffh 



{lang, ßf + c (^J 



the cxperimental co-efficients 1^ and i:, it is still far from giving 
US r = Qo. Now for the most accurate construction of the guide- 
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curve apparatus^ the co-efficient of velocity ^ is not greatcr than 
0,93, and therefore the co-efficient of resistance ( corresponding ^ , 
1 1 A -^ ^ 

= --5— 1 = not lese than ^^^r^^- — 1 = 0,16, or about 16 per 

Cent. In the caae of turbines without this apparatus, this resis- 
tance does not exist, bat still there remains always a certain loss 
for the entrance into the wheel-channels, which in Combe's and 
Cadiaf s wheels does not probably exceed 5 per cent. though in 
Whitelaw's it may be taken as 10 per cent at least, for the Chan- 
nels are too wide to admit of the supposition that the whole stream 
of water has the definite direction (ß). The co-cfl5cient k corres- 
ponding to the resistance from the curvature and friction in the 
Channels may be set at from*0 5 to »0 15, as we shall see in the 
sequel, and hence, for turbines withoat guide-curves we have, 
putting K = 0,1, the best velocity 



V. = 



0,05 {/ai^./3)» + 0,1 (^y 



and for Whitelaw's reaction-wheel : 



»• = 



y 0,1 {tang. ß)^ + 0,1 (LJ 



If again we put ß = 60°, and — = ^, we have in the first 

^1 



case: 



"» = V o.lJi\l7S = ^'^^ ^^^*' 



and in the second case : 



•'> = a/ö^ 



mrkm^ ^'^ ^^^*- 



For other reasons, we shall hereafter leam that the most advan- 
tageotts velocity of rotation is not even equal to the velocity due 
to the height h. 

In Order that the water may enter the wheel with the least shock 

poBsible, in the case of wheels without guide-curves, the equation 

Fo r 

-4 = --^ tanff. ß must be satisfied. But as l^, is determined by 

the relative position of the sluice, it follows that the maximum 
effect is got for a certain position of the sluice. 

17* 
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§ 152. Influence ofiheparition ofihe »hnce.—ln one point of 
view^ turbines are inferior to overshot and breast-wheels. When 
in these wheels there is only a amall quantity of waier available^ 
or it is only required to produce a portion of the power of the 
falty and for this purpose we partially cloae the sluice^ we know 
that the efficiency of sueh wheels is rather increased than dimi- 
nished from the cells being proportionaUy less fiUed. In the tnr- 
bine the contrary is the case^ for as the sluioe is lowered^ the 
water enters the wheel under circumstanees involving greater loss 
of effect. This is a circnmstanoe so much the more unfavourable, 
inasmuch as it is generally requisite to economize power the more, 
as the water supply fails. The loss, howeyer^ by lowering the 
sluice, is never rery great^ as the following investigation proves. 

If we deeompose the velocities c and C| into their radial and 
tangential components e m. o, c cos. a, c^ sin, ß and c^ coi. ß, 
and subtraet the two from each other, there remain the relative 
velocities : 

c sin. a — Ci sin. ß, and c cos. a — Cj cos. ß; 
as, however, the water has the velocity v^ in common with the 
wheel, the latter relative velocity is in fact = c cos. a — c^ 
cos.ß^-^Vy According to a known law, the loss of pressure 
height corresponding to a sudden cessation of this velocity is : 

y = o- [(c sin. a — c^ sin. ßf + (c cos. a — c^ cos. ß — v^Y}, 

or, in mechanical effect : 

5^= y Q? = [(c sin. a— Cj sin. ß)^ + (r cos. a— c^ cos. ß — ©i)*] ^. 

If we introduce into this formula c, = v and Vi=s —v, further 

c^-^v and c^^ -^v, we have as the loss of mechanical effect : 

^_ [' ^F^sin.a F^n.ß ^ (F^cos.a F^cos.ß r|Vl t^ ^ 
^^L\ F F^ )^\~F~ F, r)j2ff^'^^ 

From this we may jndge as to the loss of effect in turbines that 
do not fuMl the conditions expressed in the equation : 

FiSin.a=^ Fsin. ß and F^ cos. a = Fcos, ß + -j^ • — • 

However, even if these conditions be fuMlled in the normal state 
of the turbines' working, t. c. whcn the sluice is fully drawn, they 
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coiinot be so when the sluice is depreseed, and F becomes 
Fg. The loss of mechanical effect then, even when the effect 
is a maximum^ viz. c^ =z v, is : 

v^r/ ^i^^'^ F^«n./8 \« . /F^cos.a F^cos.ß rAn «^ ^ 

"L\ F, ''i\-)^\rF: F, — 7yj2^^' 

or Bubstituting Fsin.ß=zF^Mi.a and Fcas.ß -^^ .^ = F^co3.a, 



»1 



If, as an example, we put gi- s= ^ h, which is allowable in 
Foumeyron's turbiues, wehave: ?/ " V' V -»/«^ i« 

or^ for the sluice half open^ in which case : 

We See firom this^ that this loss may be diminished by making 

Fr 

the ratios -^ and — small, that is to say, by making the orifice of 

discharge of the wheel and the externa! radius small^ but keeping 
the onfices and radius of the reservoir large. As : 

F^ _ ^i sin, ß 

F'^rsin. OS—a)' 
we have in the last case : 

and therefore, for ß = 90«, and a = 4ßP, F = 0,57 Q A y, or 
there is in this case a loss of 57 per cent of the effect. 

Oenerally, when the sluice is much depressed^ when F, < i F, 
the fiät discharge ceases, that is, the water no longer fiUs up the 
wheel-channels, the wheel becomes a pressure-turbine only. 

§ 153. Sluice adjustmeni, — ^To avoid, or at least to diminish 
the loss of mechanical effect which results from lowering the sluice, 
and in order to retain the fidl flow of water through the wheel. 
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many devices have been recently introduced by Foumeyron and 
others. Foumeyron divides the whole depth of tbe wheel into 
stages^ by introducing horizontal annular division-plates^ dividing 
the total depth into two or three separate Spaces^ so that when 
the sluice is lowered^ one or two of the Spaces are completely shut 
off^ and the water flows through the other subdivison. This 
arrangement does not entirely fulfil its objeet ; but the apparatus 
shewn in Fig. 258, invented by Combes, does. This contrivance 

FIG. 258. 




eonsists in a plate or diso DD^ between the two shroudings of the 
wheel, whieh by means of rods EE, can be raised or depressed by 
means of a simple mechanism, so that the water flowing through 
the wheel always fills up the Channels open to it. This apparatus 
fulfills the required conditions, but it is difficult, and very costly 
in construction. 

The turbines of Gallon, and also those of Gentilhomme, are 
likewise constructed so that the water may fill up the Channels, 
how small soever the quantity supplied. 

Fig. 259 represents a part of Callon's wheel in elevation and 
section. This shews that the guide-curves are covered in on top, 
and in the inside by sluices £, E . . . , each of which closes two 
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FIG. 250. apertures. To regulate the discharge of 

water by this arrangement^ it is only neces* 
sary to keep a cei'tain number of apertures 
closed. Although this arrangement certain- 
ly provides against impact on the wheel, 
yet it is imperfecta inasmuch as the water 
can work little, if at all^ by reaction, as it 
does not run through the wheel-chaunels in 
an unbroken stream. In this altemate 
filling and emptying of the wheel-channels, 
the veloeities c, (?i and c^ nndergo conti- 
nual variations unless x = 0, that is 
/3 = 2 a. If, for example, the wheel-chan- 
nels not being filled, c = \/2 g h^, we 
should have c= V2^ (Ä — x), when the 
water-stream filled up the Channels. Thus 
for each filling and emptying, or while the 
wheel passes from one open aperture to 
another, the velocity c continually oscillates between the limits 
V%ghy and 's/ig (Ä — x), As the maximum effect can only be 

Fe 

obtained for determinate values of r and c^ = -vr, it is quite evi- 

dent that as c^ varies, we fail in this. 

For (jentilhomme's turbine, the same object is attained by 
circular sectors, which are so placed by means of mechanism, 
that they close a part of the guide-curve apparatus ; an arrange- 
ment evidently even more imperfect than Callon's. Hänel, a 
German engineer, describes an arrangement of sluice for effecting 
the objects now in question, very similar to that of Combes\ (ßee 
"* Deutsche Gewerbzeitung, 184s6.'0 
§ 154. Pressure-turöines, — It is now the place to compare the 
reaction-turbines hitherto under discussion 
with the impact and pressure-turbines, into 
which they always become couverted when 
the sluice C, Fig. 260, closes the greater ^ 
half of the depth of the whecl AB. As 
the water JV only partially fills the eec- 
tion of the wheel-channels, the remainder 
is lilied with air, unless the wheel work free of back- water, and 
therefore the pressure on the outside of the wheel is that of the 
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atmosphere ; tlie velocity is c = ^2ghf and is indq)end€iit of 
the motion of the wheel. But for the velocity of dischai^ we haye 
e^ = 2ffh -^ 1^ — 2 c Vi COS. a, and for the TnaTimuTn e£Fect c^^v, 
and then for these wheels^ the expression 2 c t^ cos. a = 2gh, or 

«mbstituting c = V2yA, Vi = 5 — —, obtains. 
In the caae of reaction-wheels we found : 



Vi = i/^ A (1 — tang. a. cotg. ß) ; 
and hence we pereeive that the conditions of maximum effect are 

identical in botii eases^ if ^ ^ =1 — tang. m cotg. ß, or if 

tang. ß = tang. 2 a^ that is j8 = 2 a; which result we have 
ahready ascertained in the form of the condition that ^ = 0. 
There is, therefore^ an essential difference in the torbines of the 
two dasses, in as far as the velocity for the maximam of effect 
does not in the one depend upon ß^ whilst it doea in the other ; 
and it is only when ß = 2a that thia velocity is the aame for 
both. While^ therefore^ for reaction-wheels the velocity r ^ may 
be made to vary within wide limits by selection of the angle ß, we 
have no such joice in the case of impact-turbines. 

In reference to the effect of both wheels, we adduoe the follow- 
ing facta. When^ in a reaction-wheel^ the sluice is gradnally 
lowered^ the efficiency diminishes^ and when it is so far loweied 
that the water does not fiU up the wheel-channels, the tnrbine 
then passing into a pressure-turbine, the efficiency snddenly rises^ 
because the loss of mechanical effect by the sudden change of 
velocity ceasea. By lowering the sluice still further, the further 
loss of effect is inconsiderable. According to this^ the presanie- 
turbine seems to be a better wheel than the reaction-torbine; 
but from other circumstances the advantages do not preponderate, 
and can only be accorded when the supply of water is liable to 
much fluctuation. 

As the water entering the wheel finds a much greater sectional 
area than at its velocity it can fill, it gets into an irregulär oadl- 
latory motion^ and not only does not discharge with the velocity 
c^ above calculatcd^ but also loses a part of its vis viva absorbed 
in creating the eddying irregulär motion alluded to^ (and which 
no doubt is consumed in raising the temperature of the water, Ta.) 
Numerous experiments have proved this, and these may be 
repeated with any turbine, if it be made to revolve with the best 
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velocity^ fint as a reaction-wheel, and tlien aa a preaaare-wbeel. 
Turbines always give a greater effect for an open aloice and füll 
discharge, then when tbe sluice ia lowered and the water doea 
not fill the aection of the wheel'a channela. 

When turbinea work nnder water, the flow ia alwaya ßäl 
through them, and theae wheela are therefore always reactian^ 
-wheels. A greater efiBdency ia naturaUy to be expected from theae 
-when the sluice is fuUy opened, than from the turbinea revolving 
free of backwater ; on the other band, we may safely asaume that 
-when the aluice is lowered so that only } or less of the depth of 
whed is open, the efficiency of the reaction-wheel will be less than 
that of the pressure-turbine. From this we can easily understand 
the great advantage of introducing the horizontal dividing-platea. 

Rewuuri» All the older turbines of Fonmeyron were preMaie-tarbinet ; bat m 
experienoe pointed out the gieater efficiency oi the reiction4ur1»nes, ahnott all 
turtnnet are now leduced to thia prindple. 

§ 155. Mechanical ^ect of tmrbme». — We can now calculate 
the mechanical effect of turbines. The effect, which is not 
taken from the water if it flow fit>m the idwel with an absolute 
velocity : 

w = i/c/ + r* — 2 Ca V C08. 3, OTÜ c^ = v, «; = 2 r m. -5-, 

«,L, = ^^Qy 2^ Qy. 

The effect which the water loses in the guide-curve apparatus, or 
in getting into the wheel, is : 

in which C = 0,10 to 0,20, according as the wheel is provided 
-with guide-curves or not. 

The third loss of effect is = k . ^ Q y, and consists of the fric- 

tion and curve resistance. The resistance in passing roimd the 
curve may be found by the rules in vol. i. § 834. The corres- 

ponding loss of head = f ^ — * 2~ ' \f) ^ which f . is a coeffi- 
dent dependent on the ratio ^ of the half of the mean width of 
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the Channel to the mean radius, ^ the central angle, F tbe sam of 
tbe mean aection of the channela. If » be the number of Channels 
er of bucketsy and if « be the mean height of a Channel, then 
F=nde, and therefore the height of head loet by the resistance 

in the curves : y = 4"! — . 5- • (-^ ) > or if we put : 
41 = 0,124+ 8,104 (s-)** (m in vol. i. § 334), then : 

,=[o.m.,,m4y].4.,i(^y. 

and the loss of mechanical effect corresponding, ia : 
^=[0..^.3,0*(/.)*].±.,l^, 
or puttmg Q* = (Fj r)», 
^=[0,«..3,04(,4)*]±.(^)'.^^.«,. 

The wheel-buckets consist uaually of two parts of different cur- 
vatures, and hence L^ would be made up of two items. It is 
evident from the above, that thia source of resistance iucreases the 
wider the Channels are, and the less the radius of curvature a. 
Hence it is adviseable to make ß obtuse, so as to diminish the 
curvature of the buckets, which is also adviseable in respect of a 
füll flow through them. 

The resistance from friction is to be calculated according to 
vol. I. § 330. If (^ be the coefficient of firiction, p the mean 
periphery, and / the length of the wheel-channel, the height due j 

to the resistance from friction : I 

^~^*'de' 2ff'\nde/ ~^^' de' \nde) ' 2g' 
and the loss of effect corresponding : 

or, if /> = 2 {d + e), and (3 = 0,0144 + 0,0169 a/^ ^ 
introduced : 

i.= (o.o.«.o.o.69 ^f ) . i^' . (AJ . ^; « ,. 

If lastly, G be the weight of the turbinc in revolution, and r^ 
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the radius of the pivot, the loss of effect by the friction^ then is : 

L^ = ifG.^v, (vol. I. § 171). 

If now we deduct tliese five losses of effect from the power at 
disposition^ there remains of useful effect : 

P.=(.-[(.^i)V.(5)V,4(Ay 

In Order to have thia mechanical effect great, it is necessary to 
make the velocity of rotation v, the area of the orifice F^ the 
orifice angle B small. In how far this is possible we have above 
shewn« 

It is only in the case of tturbines working under water that the 
height A is to be measured from water surface to water surfaoe. For 
turbines working in air^ A is to be measured from the upper sur- 
face to the centre of the wheel. In the latter case, the freeing the 
wheel of back-water involves a loss of head^ measured by the dis- 
tance from the centre of the wheel to the surface of the race, 
whilst for wheels working under water there is a loss from the 
resistance of the medium. 

Remari. For high-pressure turbines tbere ia an additional source of loes in the 
resistance of the flow of water through the pressure-pipe. 

§ 156. Canstruction of guide-curve turbines — ^Let us now en- 
deavour to deduce the rules necessary for planning a wheel consis- 
tently with the above principles. We may of course assume the quan- 
tity of water discharged Q, and the fall A to be given ; and if instead 
of Q, the usefrd effect L were given^ we might then at least derive 
Q from L, and the efficiency 17 (about 0^75) by the formula : 

Qsz - . The remaining quantities r, r,, a, ß, Z, v, n, e, &c., 
flhy 

are determined partly by discretion^ partly by experience, and 
partly by theory. 

The angle a is generally assumed. For wheels without guide- 
curves it is taken as 90°, but for wheels with guide-curves it must 
be made from 25° to 40°; the former for high falls, the latter for 
small falls, in order that in the former case the orifices may not 
be too large, and in the latter not too small, or, in order that in 



/' 



7 w 



268 CON8TBUCTION OV GÜIDB-CURVE TURBINE8. 

the fonner case the wheels may not be too smaU in diameter^ and 
in the latter not too great. The angle /9 is in a certain degree 
fixed by the value of a. That the water may enter the wheel 
without pressure on the free spaee^ we must have ß=2 a, bnt as 
this pressure diminishes as the sluiee is depressed^ in order to 
prevent negative pressure, ß is made greater than 2 a, and pro- 
bably i3=2a-f80^to2a-l-50^are good limits ; the former in 
high fidls, the latter in low falls. 

The ratio % = — of the internal and extemal radii of the wheel 
i r. 



falls within the limits of 1,26 and 1,5. For reasons easily under- 
stood, the smaller ratio is to be chosen for large values of ß, and 
for wheds of considerable diameter, and vice versd. 

In Order further to determine the radius of the wheel, and of the 
resenroir, we shall, as is the case in the best turbines hitherto made, 
require fiilfillment of the condition that the velocity of the water 
in the reservoir shall not exoeed 8 feet per second. If we adopt 
this velocity as ground-work of our calculation, and leaye out of 
the question the section of the upright pipe encasing the axle, and 
that of the sluiee, then Q = 8 «• r^', and therefore, inversely, the 
radius of the reserroir, or the internal radius of the wheel : 

»"1= a/^ = 0,826 i/Q, when Tj is in feet, and Q in cubic 

feet. From this radius we get the extemal radius r = vr-^. The 
velocity at the inner periphery of the wheel is determined by the 
formula : 



1^1 = 



i / '^ff^ zz: 

V sin. iß—a) ^ ^ \Hn. (ß — a)) "^ " \rj 



into which we must in the first place introduce an approximate 
value of K. From this, however, we get the velocity of discharge : 

v.sin.ß , ^, ^. „ Q Qsin.{ß — a)^ 

c= . ^ ,ri \, and the section F = — = 7^-5 — ^ ; £ur- 

stn. (ß—aV c »1 stn. ß 



c 8in. a 



_ t?i sm, a 



ther the velocity of entrance c, = —, — '-k- = - ,0 ' — r j and the 
^ ^ sin. ß sm.{ß — ay 

section F, = — = ' . . Lastly, the velocity of the 

* Ci Vi stn. a ^^ ^ 

extemal periphery of the wheel, and of the exit from it : 
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17 == Cg = — Vi, and the Contents of the united orifices of dis- 



charge from the wheel :Fg = — = — . — =— . 



Fe 



Besides 



this we ascertain the number of revolutions of the wheel per min. 



to be : fi = = 9,55 — . 

TT r 

pio. 261. 




In Order to find the 
height of the wheel, or of 
the orifice e, we pursue the 
following method. If n^ 
be the number of guide- 
curves, and di the least dis- 
tance AN, (Fig. 261), be- 
tween any two of the guide- 
curves at the entrance on 
to the wheel, then 
Hl d^ e = F. If, further, d^ 
and « be in a determinate 
Proportion to eaeh other: 

»//j = •^, then ny^|,ld^*^F; 

and if s^he the thickness of 
one of the guide-curves, we 



*P 



may put with tolerable accuraey : 

, ^ . , 2 IT T*! sin, a 
Ol = AA^ stn, a = * 

and hence : 

, /2 IT r, sin. « \' n 

"^"^^v — k 'V =^' 

so that by inversion, the number of buckets required : 

_ }pi {2vri sin. a — niS^Y 
«1- p , 

or, approximately : = -^-^ — ^^-^ '■—^, for which 

number would be taken. If n^ be onee fixed, then : 

, _ 2irriSin.a F 

^ wj ^ ^ ^1 (2 «• r, sin. a — n^ s^^ 

F 

and the height of wheel : e = « -. . 

° 2irri«n. a — n^Si 



whole 
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4 157. We haye still to deduoe roles by which to calculate the 
number of wbeel-bucketB, and the dimensions of the orifioes of the 
wheel. The oiifices of discharge, the united area of which is 

Fg = --r-^ iBHot the outer periphery of the whee]^ but the section 

BiD, B^Di, &c.^ through the outer end of the buckets B^, B^ 
kc, (Fig. 261). Again, for r in the aboye formulas we are not 
to understand the radius of the outer periphery^ but the distance 
CM of the centre of the orifice B^D from the axis of rotation^ and 
in like manner, v is not the velocity of rotation of B, but of M. 
If now i be the angle SMT, which the axis of the stream flomng 
through BD makes with the tangent MTy or the normal to the 
radius CM = r ; and further, if n be the number of wheel-buckets, 
i their thickness, d the width B^D of the orifioes of dischai^, 

and ^ the ratio ^, wemay put: nde = n^rf* = — j-=J^there- 
fore inversely, the number of wheel-buckets n == ^^' Again^ as 

ft • * j W^ Fa 

2 w r «fi. c — n«=:fia= -7- = — ^j 

we have for the angle of dischai^ sin. 3 = — ^ j— ^. ' 

This angle ^ should not in any case be more than 20^, and 
therefore if it comes out more than this, by the latter formula, 
some one or more of the elements composing it must be changed. 

r Q 

Thus, for example, for this purpose F^ = -i- . — may be made 

r Vi 

less, f. e. Vi, or which amounts to the same, the difference between 
a and ß may be made greater. Some engineers have endeavoured 
to keep ^ small, by making the wheel deeper at the outside than 
in the inside, giving two values to e (Fig. 259). This, however, 
has the disadvantage, that /uU discharge is thereby interfered 
with — at least in wheels revolving free of back-water, and that the 
water follows the wheel-shroudings when these diverge from each 

other to any considerable extent. Äs to the ratio ^ = -^ its influ- 

ence on e and ^ is but trifling. It is within the limits 2 and 5 in 
wheels giving good results. The small value refers to smaU wheels 
and vice versd ; for otherwise the Channels fall out too wide, and 
the füll flow is liable to be lost. 
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Fio. 262. 



§ 158. Constructum of the buchet, — The buckets are generally 
circular arcs. For the guide-curves one arc is sufficient ; but for 

the wheel-curves or buckets, 
two arcs, tangential to each 
other, are usually required. 
How to fix the radius of 
these arcs, and how to Com- 
bine them, the following ez- 
plains. With CM = r, 
Fig. 262, describe a circle, 
draw the tangent MT, and 
upon it set off the angle of 
discharge SMT = ^, as de- 
termined above. Draw MO 
at right angles to MS, and 
set off on each aide of M, 
MD = Jlf JBi = i d. Now 
draw the radius CB^, and 
from C lay off the angle 
2n $ 




^ = _ 
n 



B.CB = dP, as determined by the formula ^ . ,. 

Also, from C, as centre, draw circles through JBj and D. The 
first of these circles gives the extemal periphery of the wheel, and 
the points JB, J3p &c.^ are the outer ends of the buckets. If we 
draw BO, so that BOD = BCB^ = <^, we have in O the centre, 
and in BO = DO, the radius of the arc DB forming the outer 
portion of the bücket. If we make BiO^ = DO, we have the 
centre Oj of the outer piece B^D^ of the next following bücket, 
&c., &c. The radius OB = OD = a of the arc BD may be also 
determined by Solution of the triangle M OM^ We have : 

MO sin.MM,0 , ^ . , _._. ^ . ^ T '■ , 

tTFTT = — — TTFTTirr y but thc cord MM. = 2 r stn. ~, 
MM^ sin, MOM^ * 2 



n 



* 



A}., 



MOMi = <t>, and MM^O = 90 + « — -^, therefore. 



OM 



2 r m, |- COS. (^— | ) r cos. (s— |) 



sin. 4> 



9 
cos.^ 



and the radius a required : 
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r COS. 



By this method of construction^ the end B^ of the bücket is 
quite parallel to the dement D opposite, and therefore the stream 
flows out without contraction. If this parallelism be not effected^ 
it is always disadvantageous ; if the tangents to B and D diverge 
outwards^ there is danger of losing ihe/uUflow, and if they con- 
verge, there arises a partial construction^ and the stream then 
strikes npon the outer surface of BD (vol. i. § 319). 

The inner piece DA of a wheel-bncket, may generally be 
formed of one arc of a circle. The radius KD = KA = o^ of this 
circle^ is foond asfoUows. In the triangle 

CMK, CM^Vy MK^ Ol + |, and i: CMK = SMT = ^, 

••.CK« = r*+(öi +|^*_2r(fli +0 eos.B. 

In the triangle CAK, on the other band CA = r^ AK=s a^, and 
CAK = 180» — )8, therefore, CK* = rj« + ih« + 2 r^ a^ cos. ß. 
By equating the two expressions^ we have : 

dt 

r* + «1 rf + -T 2 r fl, COS. h — r d cos. 5 = r^* + 2 ij a^cos. ß, 

and hence the radius required : 

d* 

r« — r/ — rdcos. 5 + -r 

_ * 4 

2 (r COS. ^ 4- Ti COS. ß) — d 

As to the arc to be adopted as the curvature of the guide-curves, 
we get its radius and centre by drawing AL at the known angle 
a to the tangent AH of the inner circumference of the wfaeel. 
Raise a perpendicular AG to it, and cut this in 6 by another 
normal, ndsed from the middle point E of the radius CA. This 
point G is the centre of the guide-curve AF, which may be drawn 
either quite up to the case-pipe of the axle, or to within anycon* 
venient distance of it. The radius GA:=GC^a2 of this bücket is : 

«a = ö— ^ — • 
2 COS. a 
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The centres of the arca forming the outer arcs are in circles 
described with the radii CO, CK, and CO, 

Bran^k. It is required to determine all the proportions and lines of construction 
of a Fournesmm's turbine for a M of 5 feet, with 30 cubic feet of water per second. 

We shaU take a - 30«, and /3 - Uifi, and adopt the ratio Z. « v ». 1,35. This 

being aasnmed, we have, from the nües abore giTen, the internal radiiu rj » 0,326 
a/q~-» 1,785 feet, for which we take 1,8 fbet Henoe y^ CM, (Fig. 262), the 
extemal radins a 1,8 x 1,35 »> 2,43 feet, for which we shall pnt 2,45. The width 
of the shrouding, therefore, mearared to the oentre of the orifice of diacharge, 
» 2,45 — 1,8 » 0,65 feet. Neglecting prejadicia] resistances, the beit yelocity of 
the wheel is : 

»1 =■ v^A (1 — tamg. a eotg. ß) « ^/iTz\y2h\\~Tläng7Wciig^^^ 
- ^156,25 . 1,21014 - 13,75 feet, 
bat, taking theae resiatances into aooount, if ( » 0,18 and c » 0,06 : 



'-^: 



2gh 






V^ 



2 . 31,25 . 5 



2rt» .110»cot. 30* 
«j».80« 



^*'"(Sr§^)'^^'^^"^ 



^ / 312^5 /luy ^ 12 71 ft 

^ 1,6527 + 0,1639 + 0,1176 >\/ 1,9342 

and then v « 0^ » w, « 1,35 . 12,71 - 17,15 ft. The yelocity of discharge 

ea .^'f^^v - i?2^^^ -12,13 feet. 
#m.03 — a) am. 80 

ThennmberofreYolutionapermin. is «- 9,55 . fl « ?:51ji?:?l. - 67,4. 

r| 18 

ftom this we hare the aieaa of the orifices of discharge.: 

F=£«-|1L «2,473 Square ft., and^i«-^ -^ « JL -. 1,748 Square ft. 
e 12,15 ' c, « 17,15 

AMoming the thickneis of lihe bnckets to be 2^ lines » 0,017 ft., and supposing that 
the ratio of the deptii to the width of the orifices t^, » 2. » 4, we haye as the <re- 

quisite nnmber of bnckets : 

»,(2irrt<tn.a-~ititO» _ 3 . (5,655 « 0,017 n,y ^ ^ 
^ F "' 2;473 

and henoe we have as the height of the wheel, or of the orifices : 

e = ^ = _J2473 ^ 2j473 ^ ^ ^gQg ^^ 

2irr,m.a — iii«| 5,655 — 0,51 5,145 
Supposing ^ -» f» the number of buckets wonld be : 

n » !L5 » ^ • ^»^^^ « _8i74__ ^ 3y^ ^^j. ^^^^^ ^^ ^^^ 3g p^^ ^^^j^ 

«» 0,4808« 0,2311 ' 

we get the reqnired angle of discharge : 

VOL, II, 18 
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gm a-5il±iil 1,748 (0,4808 + 0,017 . 5) 
• " 2 irr«» " 2 ir. 2,45. 0,4808« 

- U48 . 0.5658 ^ ^^^yg^^ conscqacntiy d = 16^ 8', «nd 
4,9 » w • 0,4o0o 

d^fi^ — LZl? — - 0,1010 foct. 

nt 36 . 0,4808 
If the turbine ia to be dear of the back-water, it mnst be raiaed a certain heigfat 

above tbe surftce of the tail-race; and as the half^height of the wheel - » 0,2404 ft. 

this diatanoe may be estimated at 0,5 it. If this excess of £iü does not exist, then 
the calculations must be based on a fidl of 4i feet, insteed of on that of 5 feet In 
Order to judge of the Iom of water, we have to find the amonnt of jr, the ezoeaa of 
preaaure of the water paaaing under the aluice. We haye : 

* - * — (1 + ^ - 5 — 1,18 . 0,016 - 12,13« - 5 — 2,778 - 2,222 feet, and 
2g 

the Telodty correaponding » 7,906 V2,222 — 11,78 feet If, therefore, the apaoe 
between the wheel and the bottom plate be Vr inch, ita azea ia : 

2 . 1,8 . ir . yi ,«? » 0,0393 aqoare feet, and therefore tiie qoantity of water 

eacaping : Q, - 11,78 . 0,0393 - 0,46 cabic fl. To diminiah thia loaa, which will be 
the leaa the lower the alnioe, theßiting-tip of the wheel muat be yery accorateiy 
done, ao that the apace between the wheel and bottom plate may be aa amaU aa 
poaaible ; or by incieaaing c and maldng ß leaa, « mnat be rednoed aa low aa 
poaaible. 

The diyidhig-angle of the wheel ia ^^ » 10» ; but the thickneaa of the badteta 

36 

takea np an angle - -i-^ - 2,45 ÜÜ^B^ " ^'^^*^^' "^ " "*^^ " ^"' ^'' 
henoe f i- S; 34', the angle of curvature of one part of the bndc^. The radina 
correaponding ia : 

^ ^ rcaa.(g-i0)_^^ ^ 2,45 coain 51^ _ ^^^^^^ . ^ j^^l ^^ 
eo9,if C09, 49, 17 

The radina of the aecond part of the whed-bucket : 

r« — r,« — rrfcc».a^-|<P 2,785 — 0,2377 _ 2,5473 ^ ^ y-g . 
^" 2(rcot.a + r,«?o».j3) — <f * 3,476 — 0,101 3,375 ** ' 

^ The correaponding angle of cunrature ia : f , a 180*^ — ß — d + <t ^^r, in which 

tang, <t = «i «m» p ^^^ ^^^ ^ ^ — a^jm, — ^^ . expreaaed numeiicaUy : 
r, — aiCOi,ß r — n, co«. o 

^j « 70» — 16«, 8' + 24», 42' — 6«, 56' = 71", 38'. 

. ; Theae inveatigationa afford ua the necesaary elementa for the conatruction of a 

l'.; torbine for the fall in queation, and we have now only to calculate the useftd effect 

; \jj ' ' that auch a machine will yield. The abaolute velodty of the water diacharged is 

^^'r\_ I fo » 2 c, «m i ^ » 2 . 17,15 sm. 8«, 4' « 4,813 feet, and hence the loaa of feU cor. 

responding » ]^ =:r 0,0155 . 4,813* ^ 0,371 feet. Agam, the loaa of fall oocaaioned 

_2 

by the resiatance in the guide-corves = 0,18 ^ = 0,18 . 0,155 . 12,13* « 0,423 fi. 
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The loss of &U «ruing from the hydnudic nsistanoet, mty be ettinutted as foUows. 
From an aocurate drawing of the wheel, and the resiiltt of the calcalatiooB givcn 
abovc, it will be found that each wheel-channel coniistt of two part«, of which the 
one 18 0,11 fect wide, and 0,2 long ; the radina 2,35 fect, the central angle 4^, and 
the other is 0,21 ft. widc, and 0,95 ft. long, the radina of corvature 0,755 feet, and 
central angle of 71*, 38'. lih>m thia we dedoce the oo^sffident of retistanoe for the 
■maller part: 

Z, « 0,124 + 3,104 (^)* - 0,124 + 3,104 (JJJ.)* - 0,124, 
and iot the larger : Z, - 0,124 + 3,104 . ( J|i)* - 0,127. Again, the angle for 
the firtt part iat-^«0,025, and for the aecond ?i^ - 0,398. Again, the 

aectionoftheürat i. JL^^_^^^^ „ 0,918, and lor the secondpart 

1 748 

- 36,021.0 4808 ^ ®*^®^' "* ^"^' ^^ ^^* ** **" oo-efficicnt of the whole 

resiatanoe ariaing fifom eonratore : 

r, = 0,124 . 0,025 . 0,918» + 0,127 . 0,398 . 0,481« - 0,0026 + 0,0117 = 0,0143. 
Ftarther, the oo-eflkient of friction in the first part : 

Zt - 0,0144 + 0,0169 a/— - 0,0144 + 0,0169 ^»6 . 0,11 . oTSÖS 

- 0,0187, and «gr the Moond - 0,0M4 + 0,0169 ^/36 • 0.2> • 0,4808 ^ ^^^^ 
Thentio g+l) /forthefliBt i»rt - ^JgL^^-1,117, «ndforthesecond 

'f) ßOAR A QK 

o. ' aVqa« "" ^^^f and from thia we haye the co-effident of friction for 

2 • 0,21 . 0,4808 

the whole Channel : 

c^ » 0,0187 . 1,117 . 0,918» + 0,0203 . 3,250 . 0,481» » 0,0176 + 0,0152 » 0,0328, 
and hence, laatly, the oo-effident for all the resiatanoea in a wheel-channel ia: 
c » «1 + K, s 0,0143 + 0,0328 » 0,0471, and the loaa of &11 corresponding to thia 

« c. ^ « 0,0471 . 0,016 . 17,15» » 0,222 feet. The three loaaea of faU juat esti- 

mated » 0,371 + 0,424 + 0,222 » 1,017 feet, and thus there remdns of the total 
effect at diapoaition, Q A^ « 30 . 5 . 62,25 » 9337 ft. Iba., only 
Fv « 30 . (5 ^ 1,017^ 62,25 » 7438 U». aa tu^ effect. These ia, howerer, aome 
portion of thia oonatimed by the friction of the pivot. If ihe weight of the wheel, 
&e., be 2000 Iba., and auppoaing the radiua of the pivot » H inch, and the co- 
effident of friction 0,075, the mechanical effect consumed by the friction of the 

piTot 4^/ör, - \ . 0,75 . 2000 . 12,71 = 132 ft. Ibs. (Suppoae the co- 
"tj 8 . 1,8 

effident of friction 0,12, which ia raore likely, then the friction » 210 ft. Iba.) The 

uaefol effect available, directly at the axle of the wheel, ia then : 

L » 7438—210 =B 7228 ft. Iba. » 13,1 horse power. If we asaume 0,5 feet lost 

beaidea, by keeping the wheel free of the water in the raoe, then the effidency : 

„ L_ 7228 ^ Q -03 

^ QAy " 30.5,5.62,25 ' 

18* 
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§ 159. Tkirbines wühoui guide-curves. — ^The proportiona of tar- 
bines withoat guide-curves are only partly deducible, in the manner 
of turbines with guide-curves. The angle a is in tbeae 90^, and 
the angle ß = 160^ to 160®, in order to have o? as low as possible. 

The ratio k =: — is only 1,16 to 1,80, as otherwise, firom ß being 

so large^ the length of backet would be inconvenient. In order 

to have the losa of mechanical effect for the entrance on the wheel 

> . , ^1» low as possihle, the water is laid on to the wheel with a velocity 

V of only 2 feet, and hence the internal radius r^ is only 0,4 VQi 

^ ^ ^ and the extemal radius r = v Tj = 0,4 f ^/^^. 

The best velocity of rotation is also to be calcolated by a diffe- 
rent rule, as the formula : 



""' \ 2rin.ßco$.a . ^/ rin. ß V . / r y^ 
V sin. iß — a) + ^ \sin.{ß-a)) "^ ' \TJ 

which in this case has the form : [n^ f.^J 



Vj = 






gives too great values. The reason of this is, that the oondition of 
making the velocity of discharge nU, does not, on acconnt of the 
prejudicial resistauces, lead to the maximam effect being produoed; 
and it is only for turbines with guide-curves, that the fulfilment 
of this condition gives satisfactory approximation to this mazimum. 
On the other band, for turbines without guide-curves, and in aU 
cases in which a is nearly 90^, the influence of the prejudicial 
resistances on the working of the wheel becQmes too great for its 
being possible to assume that w = 0, or v = c^. In order to find 
the least velocity for these wheels, we adopt the foUowing method. 
We have already (vol. ii. § 14Z) found that 

(1 + k) c^ = 2gh + t?' — 2cv^ cos. a — ^ c», andas 
COS. a =a COS. 90® = 0, and 

t?i sin. ß A /^ fi ^ 

* '"«wTöS^^ÖO) = — »i '«V-^ = — f " ianff. ß, wemay put: 

(l + ic)e^* = 2sfh + if [l — f (^ytang. ß» J j 
and, therefore, the velocity of discharge : 
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1 + K 
Hence^ the loss of &11 : 

_ Ca» + c» — 2 Ca t> CO*. ^ + K Ca« + f c* 
_ (1 + ') Ca« + t^ [|l + f (^y tang. /9»~| — 2 i> c, co«. l 

\ V 1+« ;^ 

and, therefore, the effect to be expected from the wheel : 

!> = ( r CO«, i \ j2gh + 0« [l -f (^y tony.yS»] Xq^ 
. - ▼ 1 + r ) g ' 

Ifweputi^for 1 — ^(^) ^a«^. /9« and <^ for ^^ "^, ^ then we 

have, more simply, i= (r V%gh + i^i;« — ^ »•) ^ . 

In Order that this value may give a maximum, we can deduce 
by the higher calculus that öt; = ^ - — , or if we re- 

present the ratio of the height due to velocity 5- to the pressure 
height A, that is, ^, by x, then -i=±=l^ = 0, and hence, 

X = -— — ^ , If from this we have got x> we have for 

2 ^ v<^ — ^ 

the velocity v = Vx • 2^A, Vj = — t^> <? = — «'i ^«»Ö'- Ä and 

Co = ^ f -^ — IILziL. Hence the sections F= — • and, 
A/ 1 + *: c ' ' 
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Fg = — , and lastly^ the beigbt of the wheel, or of the orifice, 
F 

The other proportions^ as the constroction of the buckets^ &c., 
&;c.^ do not differ irom those of turbines having goide-curves. 

Remark, Strictly speaking, turbines with goide-curves should alao be treated in 
this manner, bat as tfie ezpressions are Teiy oomplicated, and lead to a value of 

^ which diflrers ynrj little from nnity, we have deemed the investigation vmnecessaiy. 

Eacampk. It is required to make the necessary calculations for tbe design of a 
turbine on Cftdiat's plan, Ibr a fül of 5 feet, with 30 cnbic feet of water per second. 
Aasnmmg j3 » 150<^, v » 1,2, and r^ » 0,4 V'q^ 0,4 '•SO » 2,19, whicbwe shall 
make 2,25, and henoe r » 1,2 . 2,25 » 2,70 feet. If, forther, l » 0,15, and 

IC = 0,10, and a » 160, then if^ - 1 — ^ (^)' . fang ß» ^ 1—0,15 . (^«V- ^y 

= 1—0,035 = 0,965, and ^ = vO + c ^ JiHiJL » 1,091 ; and, tbcrdbre, 

cot, eoa. 16^ 

^ — ^^^dA 1,091 — Oi475 — 

X° 2» ^^-^ " 1,93.0,475 -<^-^^^- ^^ ^X "^'820. 
From this we have the most advaatageons vdodty of rotaüon : 
« -/x-2yA- 0,82 . 8,02 JZ - 14,50 ft. Agaii 
e = — »1 taug, ß - 12,08 tang. 30» = 6,97 feet, and 

c. - V^l4lp - ^m^^ = 21.65 f«*, 

and now we have the section F = ^ = J^ = 4,304 Square feet, and the section* 

^s ^ — » KT~äk ^ ^*^^^ Square feet. Hence, again, we have the heig^t of the 
Cj Z1,d5 

whed I e = -£_ = . ^'^ = 0,304 ft., and if we take for the orifioes of dis- 
^ ffTi 2 » 2,25 • IT 

Charge of the wheel, the proportional dimensions -4- ~ t? ^« bave for the number 

d 

ofbuchets:n = ?^«2^^«.|g = 30. If the thicknes. of the backet- 

plates 9 B 0,017 feet, we have as the angle of dischaige : 

nn.B=^ ^2—n€9 ^ 1,38^—30.0,304.0,0X7 1,226 ^ ^ o,g 
2 vre 2.2,7.0,304«- * 1,6416 ir ' * 

andlience, d « 13|». As we assumed above that for J/ = ^^ **" '^> ^ = 16*f the 

cot, ö 

velodties, sectional areas, &c., just found, will be slightly vaned by the intioduc- 
tion of ^ = 13|o. The efficiency of this wheel is : 



» « -/X . 2yA - 0,82 . 8,02 -v/5 - 14,50 ft. Again », = -j- « \^= 12,08ftw 
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^ ^ /l«(^.^):l\ ^ . / l^ 0,281. iy8,5 \ 1 

f V ^^ ^^ ^A/ f vTr"» V 1W,25 ; 1,116 . 1,049 

. 1-0,321 0,679, yp 
1.17 1,17 

For the same hH, « Fourneyron's turbine gave an effidency i| ^ 0,702. {See 
example to last paragraph). 

§ 160. Wldtelav/» turbines, — The Scottiah turbine has to be 
treated difTerently from that of Cadiat's^ inasmuch as the water 
enters the wheel^ in great measure, in a manner involving shock, 
and because in these turbines the dimensions and form of the 
wheel-ohannels, ia mnch more arbitrary than for the other. The 
angle S may be made much less in these than in the other forms of 
turbine. They are peculiarly adapted for falls of great height^ 
with small supply of water. 

The width of the pressure-pipe may be determined by the 
condition that there shall be a maximum velocity of 6 feet per 
second through it. So that the internal radius of the wheel^ or 

the radius of the pressure-pipe r^ = ^ / ^ =- 0,28 v'Q» The 

'V 6 IT 

eztemal radius is made 2, 8 or 4 times this, aceording as the 
number of arms or discharge^annels is 4, 8 or 2. The veloci- 
ties Vj Vi and c, and, therefore, the sections i\ and F^ may be 
determined as in the case of turbines without guide-curves (last 

P 

paragraph). The depth or heigfat of the wbeel e = 5 , and the 

width of the orifices of discharge =s J = — —. In determining v 

or X == — \> ^* ^^ ^ necessary to take ( higher than 0,15, as 

sliock cannot be avoided where the stream of water divides itself 
to run in so many different directions. It may be assumed, with- 
out mucb risk of error, that ( = 0,20. Äs the arms or wheel- 
cbannels are considerably longer than in any other turbine, we 
must take a higher value for ^, and assume it at least 0,15. 

The arms are generally curved aceording to the Archimedian 
Spiral ; they may be curved to the form ABD, Fig. 262, com- 
posed of two circular arcs, AB and BD. For this the orifice of 
the inlet pipe, or internal periphery of the wheel, is divided inta 
as many equal parts as there are to be arms — three in the case 
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rio. 263. Fig. 263, and firom each 

of tbese draw the line AS, 
making the angle ß with 
the tangent at that point ; 
or, forexample, make SAG 
= 27(y — /ffl= 9 » -1 /g , 
tben with the external radhu 
r, describe a cirde, and 
divide it in as many eqaal 
parts as there are to be 
arma, but so that between 
the two points A and D of 
the two peripberies, a cen- 
tral angle of about 135^ 
150^ or 180" is included, aecording as the number of armsis 4, 8, 
or 2. The direction of the axis DT being laid oflF in such manner 
that the angle CD? equals about 80^, we find the centres 3f and 
O of the arcs AB and BD forming the axis, by bisecting the 
angles SAD, TDA by the stiaight lines AB and BD; tben draw 
ST parallel to AD, and AM t^t right angles to AS, BO at right 
angles to ST, and DO at right angles to DT. We see the reaaon 
of this at once, if we consider that by division of the angles SAD 
and TDA, and by drawing the parallel ST^ the angles MBA and 
MAB, and also the straight lines MA and MB,^ are made equal to 
each other, that in like manner tl^ angles ODB and OBD, as 
also the lines OB and OD, are made equal to each other. 

To find the outsides of the pipes, DG is made = DH^ the 

half width of orifice -5-, and FN 1» made = KN, and the arcs 

HK and OF are drawn, so that the width GH gradually passes 
into FK, &c. 

Example. Required to iteaign a Scottish turbine for a £b11 of 150 feet, witli a 
supply of water of 1^ cabic feet per second. In the tani j^ce the internal radios 
r, = 0,23 V'q^ 0,23 ^/l^» 0,282 feet ; bat we shall put it » 0,3 feet, and the 
diameter of the pressure-pipe 9 inches, or 0,75 feet ; we shall haye only two anos, 
and make the external radins r = 4 . rj = 1,2 feet. We shaU put ß » 150^, and 
^»10^, and assume c » 0,15, and ^ » 0,25, hence: 

^J/ = 1 — 0,25 . (ü y tang. /3* = 1 — 0,25 . Vr ('«*V- ^^Y = 1 — 0,0052 = 0,9948, 

and = ^lLlIlf=^^ = 1,0890. 
c(W. CO8. W 



_J 
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Of Ihe ftn A B 150, the friction of the ivmter in the 9 inch pipe, whidi may be 
presomed to be 200 feet long, oonfnmet acoonüng to toI. i. $ 331 and 332, an 
amoiint: 

z - 0.0213 . 0.0155 . (i)* . ^ - 0.0003408 . (i)* . 5^^ 

- 0,0003408 . 1,621 . ^°' ^'' S - 0.03408 . 1,621 . *^ - Ifii itit; tberefore, 
2/ 

we mntt only introduce h ^ 148,95 feet in onr calcubitiont. For the moft advanta- 
geona ydocity : 

_ f— v^^ — ^ 1,089-- V^l,1858 — 0,9948 1,089 — 0,437 _ ^^^ 
^ " 2 + v^^W^l? * 1,9896 -/"Cfm " 0,8695 " ' 

And, hence : 

9 » VJTlJh - ^0,75 . 62,5 . 148,95 - 83,56 feet, «, = -1 - 20,89 foet ; 
c»-.«, t0nff.ß^2OfS9tan9.S(fi » 12,06 feet ; and 

^- ,^/ÜmZ= ^309,4 1^6945,8,, ^g ,3^ 

From thia we lunre the aections : F »—-i -7^ " 0,1244 sqnare feet, and 

/>,».£. =, 7^^ » 0,01262 Square feet ¥rom tliis again we have the heigfat of 

wheele»--.^ » 24^11 »- 0,066, and laatly, «e width of erttce : 
2irrj 0,6. IT 

rf = A « 5:21?^ = 2j21|5? « 0,0956 feet - 1,16 faiches. In order to have a 
n« 2.0,066 0,132 

greater ratio 4* between the sidea of the oriflcea, we thonld haye to introdaoe more 
d 

arma or wheel-channels ; bnt as the channek are yery long, eren the aboTe Propor- 
tion would be fbnnd to insnre tißtüßow throngh them. The efBdency of tfte wheel, 
neglecting the friction at the Joint and loetes in the presrare-pipe, is : 



,.[l_(^_+)2,]_^ 



c 



- (1 — 0,191 . 1,5) i a 0,7135^ ^ ^ ^jj 

^ • '^ 1,089 . 1,07 1,167 ' 

§ 161. Comparison ofiurbines. — ^Let us now draw a comparison 
between the tliree turbines of Foumeyron^ Cadiat and Whitelaw. 
The turbine with guide-curves is unqnestionably the more perfect 
constructionj mechanically considered^ as by this arrangement 
(when c, = v) the entire vis viva of the water may be taken from 
it^ whidi cannot be done withont this apparatos. All thkigs con- 
sidered, the velocity of rotation for all the wheels is nearly the 
same^ viz. )^v = 0^7 \^2gh to \^2gh for the maximum effect. 
This maximum effect is nearly the same for each of them, the 
advantage being on the side of Fourneyron's wheels, when work- 
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ing in its normal State, and on the side of WhitelaVs, when the 
supply of water is very variable. The Scottish turbine may be 
construeted at less cost than Foumeyron's turbines with guide- 
curves. 

In general terms, we believe that the turbines of Foumeyron 
and Cadiat are better adapted for very low falls and those of 
moderate height (up to 30 feet) with large supplies of water, 
whilst for high falls and small supplies of water, WhitelaVs 
wheels are to be preferred. 



rio. 264. 




Remark. In the cue of turbines without guide-curves, espedally when the hJl 

18 high, the water letving the wheel retaini a 
considerable abaolute velocity w — e^ — v, and 
hence a notable amount of vit vita is lost. 
Thia loss may be avoided, or at least mach 
diminished, if the vis pwa of the water kaving 
the tm-bine be applied to a seeond wbeeL 
M. Althans of the Sain Iion Works, has put 
this into practice at a mill near Ehrenbreit, 
stein. The essential part of the oonstraction 
of this wheel is represented Fig. 264. JEJ is 
a reaction-wheel with fbor curved discharge- 
pipes, the fsllbeing 120 feet (compare § 147), 
BBistL larger wheel with curved buckets, set 
in motion by the water discharged at J, A. 
As the wheels reTolve in opposite directions, they have to be connected with each 
other by reversing gearing. The outer wheel has this further advantage, that it 
adds to the fly, or regulating power of the machine. {ßes Inner^österreichisches 
Gewerbeblatt, Jahrgang 5, 1843). 

§ 162. ExperimerdB on turbines. — Numberless experiments on 
turbines of the different forms we have now been discussing are 
extant, but the reported results are not all trustworthy. These 
recipients of water power are in many respects admirable machines, 
but to suppose that an efficiency = 0,85 to 0,90 has been obtained 
from them, arises from some mistake. As the discharge of water 
through the most perfectly formed orifice has a velocity co-efficient 
4> = 0,97 (vol. I. § 312), there must be a loss of mechanical 
effect at entering the wheel, represented by 

/ 1 \ c* c* 

I -g- — 11 — Q y = 0,06 K- Qy- "A-8 again, the firiction of water 

in a pipe six times as long as it is wide, consumes (vol. i. § 331) 
0,019 . 6 . ^ Qy = 0,114 H- Qy, or 11,4 per cent of the avail- 
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able fall^ ( ^ o" ^ o^ nearly = Aj, V we see that deducting these 

resistances, there remains only 83 per cent of eflFect over. If we 
aUow only 2 per cent for the resistance in the curved conduits^ 
2 per cent for sliock on the ends of the buckets, and 3 per cent 
for the mechanical effect retained by the water discharged^ and 
neglecting all other Bources of loss, Buch as is involved in the 
gnide-curves^ &c.^ there remain only 76 per cent of useful effect, 
and therefore a turbine that gives us an efficiency ti = 0,76, may 
be comddered as a very excellent one. The experiments of Morin, 
and other impartial persons, give results as to efficiency as high 
as 0,75, bnt never above this. 

Morin's experiments were published about ten years ago, 
under the title, '^ Expäiences sur les roue» hydrauliques k axe 
vertical, appel^s Turbines, Metz et Paris, 1838/' The first expe- 
riments were made on one of Fonmeyron's turbines at Moussay, 
extemal diameter of wheel = 2.8 feet, depth = 0.36 feet, fall 
= 24,6 feet, and the quantity of water laid on = 26 cubic feet 
per second. Thus there was a fall of upwards of 70 horse power 
at disposition. The result of these experiments, stated in general 
terms, was that whether the wheel worked more or less in back« 
water, it gave for 180 to 190 revolutions per minute, a maximum 
effect of 69 per cent of the whole power. When the number of 
revolutions was greater or less by from 40 to 50 per cent of the 
above, the efficiency was from 7 to 8 per cent less. These were 
the results when the cylindrical sluice was quite drawn up ; but 
when the sluice was lowered to half the height of the wheel, the 
efficiency was reduced about 8 per cent. Had the wheel been 
entirely free of back-water, this falling off in efficiency must have 
been greater. 

Experiments on a turbine at Mühlbach for a fall of 120 horse 
power, gave the foUowing results : diameter of wheel 2 metres, 
height i metre, fall 12 feet, with 86 cubic feet of water per 
second. With the sluice quite drawn, the wheel made 50 to 60 
revolutions^ and the efficiency was 0,78 according to Morin; 
but he has adopted too low a co-efficient of discharge in calcu- 
lating the quantity of water, and therefore 0,75 is probably the 
true efficiency. For variations of from 30 to 80 revolutions, the 
efficiency did not vary more than 4 per cent from the above. The 
efficiency was the same whether the wheel was only a few inches, 
or 3 feet under water. The efficiency was nearly constant for 
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great variations in the quantity of water laid on. As the sluice 
was depressed^ tbe effidency feil off rapidly. Morin directed ezpe- 

V 

riments to ascertaining the ratio .x — t , and found^ as theory 

indicates^ that this ratio increases as v increases (owing to the 
influence of centrifugal force) and decreases as the sluiee is raised. 

§ 163. Redtenbacher gives the result of some experiments on 
turbines in Switzerland^ in bis work " lieber die Theorie und den 
Bau der Turbinen und Ventilatoren/' These were ill constructed 
and gave low results. 

Amongst other interesting results which Redtenbacher deduces 
from the recorded experiments on Foumeyron's turbines, we may 
particularly mention that these wheels^ when worldng with their 
maximum effect, and with sluice fully drawn, make half the 
number of revolutions that they do when working firee of all load 
but their own inherent resistanoes. 

Combes' experiments, with modeis of bis wheels, give less 
efficiency than those above mentioned, viz. 0,51 to 0,56» 

Mr. Morris, of Delaware, has recorded a very complete set of 
experiments on two turbines of Foumeyron, {see " Joi»mal of the 
Franklin Institute, Dec. 1843). 

One wheel was 4§ feet diameter, 8 inches high, 6 feet £aQ, 
1700 cubic feet of water per minute. Sluice drawn 6 inches, 
52 revolutions per minute, efficiency found to be 0,7. The 
velocity v^ of the inner periphery of the wheel was then = 0,46 
\^2gh. For variations between v^ = 0,5 \/2ffh to 0,9 i/2^A, 
the value of 19 varied from 0,64 to 0,70. The other wheel was 
4f — 6" diameter, 6 inches deep, 4^ feet fall, 14 cubic feet per 
second. It revolved under water, and when the sluice was drawn 
4} inches, the effects were as foUows. For v^ = 25 to 30 per oent 

of v^Jffh, then n = 0,71. For .—-^ = 0,45, that is ti = 49, 

the maximum effect was obtained, or i? = 0,75. For — -^ — = 0^5 

to 0,7, the value of 1? = 060. 

Remark. The reralto of experiments on Cadiat's wheds are probably oyeistated. 
Experiments on WhitelaVs wheels, as made by Messrs. Randolph and Co. of Caai^ 
gow, give results Tarying from G,60 to 0,75 for the efficiency. 

§ 164. Fontaine's turbine, — ^The turbines recently introduced 
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by Fontaine and Jonval, differ from those of Foumeyron^ inas- 
much as the guide-curvea instead of being in oue place with^ are 
plaeed abcve the wheel, and thus the water does not flow autwards 
on to the wheel^ but from above downwards, and is discharged 
from the bottom of the wheel. Centrifugal force plays only a very 
subordinate part in the motion of the water through these wheels, 
gravity taking its place. The difference between the turbine of 

Fio. 265. 
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Fontaine and that of Jonval^ consists in the fonner being placed 
immediately on or ander the surface of the water in the race; while 
in JonvaVs arrangement, the water flowing through the wheel 
forma a column of water under the wheel, but acts npon the wheel 
just as if it pressed upon it. The arrangement of Fontaine's tur- 
bine is shewn in Figs. 265 and 266^ in vertical section and in 
plan. AA is the wheel^ BB is the wheel-plate, oniting the 

FIG. 266. 
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wheel with the hollow axle CCDD. In order that the pivot may 
be out of the water^ tbe axlc CD ends in an eye GG, in which 
there is a steel plug FS (which can be raised or depressed by the 
screw S) resting on the solid axle EFht F. 

The motion of the wheel is transmitted by an axle H, firmly 
connected with the head of the hollow shaft. To keep the upright 
shaft from the water, it is sorrounded by a casing, as in Foumey- 
ron's turbines. The guide-curve apparatus KK is screwed on to 
the beams LL, and to it there is a plate KMMK united, having 
a cylindrical metallic bed MM, in which there is a collar similar 
to that at DD, for maintaining the perpendicularity and steadiness 
of the shaft. The form of the goide-cnrves N, and of the wheel- 
buckets O, is represented at III. For regulating the quantity of 
water laid on, there is a Compound sluice, having as many separate 
valyes as there are guide-curves. These valves are covered by 
romid pieces of wood, and are fastened by screws and nuts to the 
cylindrical casing of the guide-curve apparatus. The sluice-rods 
PQ, PQ ... are firmly united to each other by an iron ring QQ, 

FIG. 267. 
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which can be raiaed and depreased by three lifting-roda QR, QR . . 
For this purpose the enda R, R, ,. of theae rods are cut aa acrews^ 
and toothed-wheela T, T. ,. put on them^ the nave or box of theae 
having female screwa, and the perypheriea of the whole being 
encompasaed by an endlesa chain. 

When one of these wheels ia moved by meana of a winch, or 
otherwiae, it ia evident that the reat muat be so too, ao that the 
three rods are moved simultaneoosly. 

§ 166. JonvaFs furMie.— Figs. 267 and 268, I, II, and III, 

Fio. 268. 





ti: .:'^. 






|:_-1 


1 1 . TPP^ 



represent Jonval^s turbine. Here again AA is the wheel, united to 
the upright shaft CD by a diso or plate ; BB is the gaide-curve 
apparatus opening as a diverging cone into the lead. The pivot 
rests on a footstep C, supported by EE. The relative position of 
the wheel and guide-curves, as also a part of the outside of the 
pipe in which the wheel is enclosed, is represented at II and III. 
To keep the surface of the water in the lead free from agitation, 
a float SS is placed on it, and for regulating the wheePs motion, 
a sluice G is introduced, worked by a handle at ÜT. According 
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as this sluice ia ndsed or depresaed^ more or less water flowB away, 
and thos the power is regulated. 

The framing LLy supports the plumber-blocks for the upper 
end of the shaft, and for a horizontal shaft, through which the 
motion ia firat tranamitted by a pair of mitre-wheela. When the 
wheela are amall^ the reaervoir or well in which the wheel ia 
encloaed^ may be of caat iron i for large wheela it ahould be built 
of aolid maaonry. 

It ia evident from what we have now detailed^ that the turbinea of 
Fontaine and Jonval are eaaentiaUy alike in their main proportiona, 
and that their theory ia the aame. In both, the water in the lead 
standa at a certain height Aj above the point of entrance on the 
wheel. The water in the race, however^ atanda in Jonval'a tur- 
bine at a certain depth h^ belaw the wheel, while in Fontaine'a 
•arrangement, the race-water ia in immediaie eontact wiih the 
wheel. The regulation of the wheePa motion ia managed in Fon- 
taine'a by an internal, and in JonvaFa by an extemal aluice — the 
one being analogona in thia reapect to Foumeyron^a turbine, the 
other to that of Cadiat. 

§ 166. Theory of Foniaine's and JonvaVs turbinea. — In develop- 
ing the theory of the turbinea of Fontaine and Jonval, we ahall 
adopt the following aymbola. 

Let the angle of inclination of a guide-curve NG to the horizon, 
^^ 269 ^' *^® angle of entrance of the 

water NGG^ = cAv, Fig. 269, 
= a. The angle c^Av which 
the Upper end of the wheel-bucket 
A makea with the motion of the 
wheel = ß, and the angle 
DD^E, at which the bottom of 
the wheel-bucket meeta the hori- 
zontal = i. Let the abaolute 
velocity of entrance of the water 

on the wheel Ac = c, the mean radiua of the wheel r = -i-^ — -, 

corresponding to the velocity of the wheel Av = i?. The relative 
velocity of entrance Ac^ = Cp and the velocity of diacharge 
Bc^ = Cj. Again, let F = the aum of the areaa of all the aec- 
tiona NG^ of the water flowing out of the guide-curve apparatua, 
Fl the aum of the upper aectiona G^K and Fg the sum of the 
lower aectiona DE of the wheel-channels. 

VOL. II, 19 
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If again C be the co-efficient of resistance in the guide-curve 
canals, and x the head measnring tbe pressure of the water enter- 
ing the wheel, then {1 + () <? =^ 2g {h^ — a?) ; and reekoningthe 
height a (84 feet) of a column of water equal to the atmospheric 
pressare^ then {l + Cj <? = 2ff {a + h^ — «). 

For the relative veloeity we have : 

Ci^ = (^ -i- 1^ — 2cvco8. a. 

If again, b = the depth of the wheel, y = the height of a 
colomn of water = to the pressure of water immediately under the 
wheel, and x the co-efficient of resistance in the wheel-channels, 
then for the relative veloeity of dischai^ we have : 

(1 + x) Ca»=2^ (Ä + a? — y) + ci» = 2^ (a + Ai + b — y) 
+ r* — 2c V COS. a — ( c*, 

If we here again endeavour to take from the water as much 
effect as is inherent in it, and therefore make Cg = v, and also 

<? = -: — ,' -, we then have for the relative veloeity of dis- 
sm. iß — ay ' 

Charge : 

[f. iin. ß COS. a . ^/ sin. ß V . T » « / , r . jl \ 

and, therefore, the best veloeity. of the wheel : 



V 



2g{a + hj^ + b — \ 



^ sin, ß COS. a ( sin. (ß-^mi^ V ' 

sin.(ß—a)'^^\{sin.ß-^)/ "*" 
The pressure-height y, when the turbine revolves in free air, 
is equal to the atmospheric pressure a ; but when the turbine is 
in back-water, it = a + A^, where A, is the height of the surface 
of the water above the bottom of the wheel ; and lastly, when the 
wheel is above the race-water, as in JonvaVs arrangement, 
y=a — Aj-f z, where A2=the depth of the race-surface underneath 
the bottom of the wheel, and z is the height due to the veloeity 
of the water flowing through the sluice from the reservoir to the 
tflü-race. The total fall for the case of the wheel revolving free of 
back-water is A = A| -f i ; when the wheel is in back-water, 
A = Aj + & — Agj and when the wheel is above the taQ-water, 
A = Ai + Ä + Ag. Hence, for the two first cases : 

V 2 ^A 
stn. {ß — a) \stn.(ß-^a)/ 

and, for the latter : 



V =s 
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I / 2p(h-z) 

\/ ^ Hn.ßcos.a , ^/ sin, ß y , ' 

V ''sm,{ß—a)^^\nn. (ß — a)) "^ * 

and whcn thc orifice 6 by which the vessel commnnicates with the 

tail-race is large, or when thc water flows away very slowly : 

'ig \g) - °- > ' - A V ■ 

§ 167. Prom the vdocity v = e^ the absolute velocity of en- 
trance e = . . a' — r, and the preasure-height : 

. = a-HA,-(l-K0g = a^A,^(l-H0 ,^l:%% 
may be calculated. Neglecting prejadicial resistaoces : ^^ » *•* < i-^'^h 






-a) 



and neglecting the atmospheric pressure : 

^ 2 CO*, a sin. {ß — a) * 
ar = 0, AT more correctly a? = the extemal pressure of the atmos- 

phere when A, = . ' \\. r. The loss of water involved 

' 2 COS. a sin. (p — o) 

in the free space necessarily Icft, depends on the diiFerence between 
the internal pressure {x), and the extemal pressure at this point, 
and is düTerent in the two turbines now under consideration. 
That the water may flow on in a connected stream^ x must never 

desoend t© O, that is we must have a + A, > ^r . \^ -. 

' 2 COS. a stn. (ß — a) 

Again^ that the water may not recede from the bottom of the 

wheel^ we must never have y = 0^ that is, we must have: 

1 / Q V 
fl — Äj + z > 0, or Ag < a + ;r, or Äg < a + ^ \~JI , 

Hence, when the area of the orifice G is large, we must have 
Aj < a. From this we see that the height of the wheel above the 
surface of the tail-race must never reach to the water-barometrie 
height of 34 feet. 

If in Jonval's turlüne the reservoir be high and narrow, so that 
the velocity of the water in it is considerable, there arise losses of 
effect at this point from friction, resistance in curves, impact, &c.y 

19* 
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&c. On this account it is adviaeable to make the reservoir wide 
in Proportion to the wheeFB diameter. 

§ 168. The mechanical effect of Fmtain^s and JonvaPs tut- 
bines. — The effect of these türbines may be deduced exactly as that 
of Foumeyrou^B has been, by subtracting from the total mecha- 
nical effect of the fall Qhy, the effect consumed by different pre- 
judicial resiatancea^ &c. The loss in the guide-corve apparatns 

Li =s f • 2^ Qy, and that in the wheel-channel L^, = k ^Qr- 

Again, the loss of the vis viva retained by the water at its exit 
from the wheelj is 

o (2t?m. -3-1 

29^^ ig ^^ 

In JonvaPs türbines there has to be added to these the loss of 
effect iuvolved in the yelocity of discharge (tr^) through the sluice 

Hcnce the total effect of the wheel : 

X= (h^ l^f c« -f *ca« = (2 t^ m. Ay = wi^ • 4 ) ^^" 

We see from this that the loss of effect increases as the angle l 
increases, and as the velocity w^ is greater, or as the yelocity of 
discharge and sluice-opening G are less. 

When the sluice is fully drawn, and the reservoir is wide, 
Wi may be assumed = 0. Hence, in Jonval^s turbine, the efficiency 
decreases as the quantity of water diminishes^ or as the sluice is 
lowered. In Fontaine's türbines, the same relative effects are 
produced for different positions of the sluice as in Foumeyron's 
türbines. It appears, therefore, that the efficiency of the türbines 
now under discussion, cannot be much more or less than that of 
Foumeyron's in the same circumstances. Experiments, hereafter 
cited, confirm this. 

§ 169. Conatrudion of Fontain^s and JonvaPs türbines. — ^We 
have now to determine the general rules for the proportions and 
construction of these wheels. 

The angles ß and ^ of the wheel-buckets are taken arbitrarily — 
the latter, however, as small as possible, t. e. 16^ to 20^, and 
ß = 100*^ to 110®. From these we have the guide-curve angle 
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a, if, for the sake of preventing all impact at entrance of the water, 
we put c, rin. ß = c^ sin. ^ = vsin. 5, and -^ "**' * 



V sin. {ß — ö)' 

Hence, by combination : . **^* ^ , = ??5L| ; and we have 

stn, vp — o.) sin. p 

sin. (ß — a) 1 ^ ^ ^ 1 

Prom the angles a and A we have the velocity of the wheel 



«, = 1 / ^ 

\/ nn.ßco8.a , ,^ na. ß y . ' 
\ *^n. (ß—a) ^ ^ \rin. {a—ß)) + * 

and the velocity of entrance of the water c = -: — .^* ; and 

sm* (p — a) 

from this we have the sectional areas F = — , and F^ = — 



^t 



The width of the wheel, or length of the buckets measured 
radially, mnst be made in Buitable prc^rtion, (as small as possible) 

r SS -io the mean radios of the wheel. In the turbines hithcrto 

r 

made v = 0,3 to 0,4. Thi» being done, we have : 
F=2 r r d sin. a = 2 x . v r* sin. a. 



and, tberefore, r = ^ / 1. , and d = 

^i/ 2irysin.a 



yr. 



If we further assume a proportion ^ = -^ of the width of the 

orifice measured at the mean circumference of the wheel to the 

length of the buckets (in existing turbines this is i), we have 

1 1 i.1 1 . n = 2irrsin.a F, 

€ ^ ^l^df and hence the number of buckets ■ • ^ '■ < = ^ 

The height of the wheel b is made about the same as the 
width d. 

§170. Consiructum of the buckets.^-The buckets are surfaces 
of double curvature, the generatrix of which passes, on the one 
band, through the axis at right angles, and on the other through 
a leading-line which we may suppose drawn on a cylinder of the 
mean radius r. As by developing a cylinder as a plane, a rectangular 
surface is produced, lines may be di'awn on this surface, which whcn 
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the right angle is round the cylinder, will serve as the leading- 

«-^ line for the bücket sorfaces. These 

rio. 270. 

developed leading lines may, however, 
be constructed of arcs and their tan- 
gents. If KL, Fig. 270, be the de- 
veloped circle, in which the wheel and 
guide-curve apparatus meet, the line 
AND of the guide-curve, may be 

2 xr 
found by making AA^ = -; , and 

by drawing AN, A^N^ . . . , so that the angle of inclination, 
NAL = N^A^L . . . = a. Again, let fall AOi perpendicular to 
A^N^, Draw a line parallel to KL at a distance equal to the 
height of the guide-curves. From the point 0|Where the perpen- 
dicular A O, intersects this line, describe the arc N^D^, and simi- 
larly, from another point O, the arc ND, &c., &c., then AND, 
AyN^D^ are the developed guide-lines of the guide-curves. To 
find the guide-lines of the wheel-buckets, draw at the distance 
EL = b the height of the wheel, the line EG parallel to KL, 

make EEi = , and draw the straight lines EB, E^B^, &c., 

so that the angle BEG = BjßiG becomes equal to the angle of 
discharge ^. Again, let fall EiB perpendicular to BE, and lay off 

AB, so that the angle ABC = ^-^ — . If, lastly, firom the oentre 

3f of the line AB, there be raised the perpendicular MC, this 
cuts BT Sit the centre C of the arc AB, forming the upper part of 
the developed guide-line of a wheel-bucket, whilst the straight lines 
BE, B^E^, &c., form the lower part. 

It is evident that this construction of the guide and wheel- 
curves, insures that water leaves them with the sections AN^ and 
BE respectively. 

Exanqtle. It is reqoired to give the leading dimensions and proportions of a 
Jonval'8 turbine for a fall of 12 feet in height, with 8 cubic feet of water per aeoond. 
Assoming i » 2^^ and ß = 10&^ we have for the angle of the guide-curves : 

cotg, a = eotg. ß + -L- = eotg, 1050 + — L-.=. — 0,26795 + 2,92380=265585, 
«m. c «in. 20*^ 

and, therefore, a = 20^, 38'. Assuming ( = 0,15, and k — 0,10, the best yelodty 
for the wheel ; 
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/\J 2 ?*L 



2aA 7.906 a/12 



m.ßcw.a ^/ tm.ß y Vl,8167 + 0,1413 + OilÖOO 

fii.(/3-a) ''WCß-a)/ 
27,78 
•** ^2Ö5g * ^^»* *^' "^ ^"^ *^ ^* ^^* *^* Tclocity crf entrance : 

c-.^f^^li-- 18,53 fect. 
tm. (/3 — a) 

Tbe aectbiu F » ^ » — » 0,4318 sqoare ft., and f, » ^ . ^ » 0,4190 
c 18,53 ' r 19,09 

aqoare feet, and if we take the ratio v » ^ » 4-, the mean radius : 

r 



r « . /.^ — £^ „ . / ?d51^ - 0,765 fect, and the width of whcd 

'\ 2irvnn.a V 4irnii.20ö,38' 
A 7£47 

41 « y . r » ' » 0,2549 feet From the apaoe oecnpied by the bucketa, each 

t> 

of these caiculated dimensions shoold be somewhat increaaed. 

The width of the channela «»§<!» 0,1275 feet, and .-. it the nomber of 

"^^ -/. - ud^^n - SS = "''' "^ ''^ '•""''' ''"^' 

adopt 16. 

The hdght of the wheel b is made » <l » 0,255. The radina of the resenroir 

may be made somewhat greater than r + ^ » 0,705 + 0,128 » 0,893, or about 

1 foot, and henoe the area of it will be «r » 3,1416 sqnare feet. The velocity : 

O 8 

Vi a ^ « s-r-rrx ^ ^M^ ^^^t «ud the hdght due to thia velodty : 
F 3,1416 

z » 0,0155 . 2,546^ » 0,104 feet. The effect of thia whed, when the aluioe ia com. 
pletdy drawn, wonld be : 

-(12— [0,15 . 18,638 + 0,10 . 19,09»+ (2 . 19,09 tm. lO»)« + 2,546»] . 0,016) 8 . 62.25 
» (12 — 105,5 . 0,016) . 498 » 10,31 x 498 - 5134 ft. Ibs., » 9,3 hone power. 
The lossea of effect in the reaervoir would reduce thia to 5000 ft. Ibs., so that the 
effidency woold be something under 0,80. 

§ 171. Experiments on Fowtain^s and Jonvafs turbines. — 
There are very trust-worthy experiments on these wheels detailed 
in the " Comptes Bendues de TAcad^mie des Sciences ä Paris, 
1846/' There are also some earlier experiments by MM. Alcan 
and Grouvelle, {See Bulletin de la Soci^te d'Encouragement, 
tome XLiv.'') 

These experiments shew that in Fontaine's turbines, as in 
Foomeyron'sj the efficiency is greatest when the sluice is 
quite drawn up, and that the efficiency is less affected by varia- 
tions of head, than by variations in the quantity of watcr 
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Bupplied. The turbine at Vadeney, near Chalons-sur-Mame, tlie 
efficiency of which was determined by Alcan and Groavelle, has 
1^6 metres (5,24 ft.) extenial diameter, 0,12 metres (nearly 5 in.) 
in height, the fall was 5) ft., the quantity of water aboat 93 gal- 
lons per second. The principal result of this experiment was that 
for « = 30 to 50 per minute, the efficiency was 0,67. One of 
Foumeyron's wheels of an early date, made for the same fall, 
gave fi = 0,60. Morin's experiments were made on a tnrbine for 
a powder-mill, at Bouchet. The diameter was 1,2 metres, the 
width 0,25 metres. There were 24 guide-curves and 58 wheel- 
backets. It had a fall of about 12 metres, and 6 cubic feet 
per second supply. Experiments were made with 2, 3 and 
4 inches of the sluice drawn, and the foUowing results obtained. 
Slaice quite open u = 45, the efficiency a maximum, and 
= 0,69 to 0,70. 

When the sluice was shut so as to reduce the ^cpenditnre by 
i, ri was reduced to 0,57. The efficiency varied little with the 
velocity of the wheel, for when making 35 revolations per min., 
fi was still = 0,64, and for 55 revolutions, ii = 66. It appears 
too, that the greatest power exerted, and at which the wheel moved 
irregularly, was about 1^ times that with which the wheel pro- 
duced its maximum effect. The wheel was a few inches in back- 
water during the experiments. We see from these experiments, 
that Fontaine's turbine may be considered among the first-class 
hydraulic wheels. The circumstance of the pivot being out 
of water, is an advantage, (though obtained at considerable ex- 
pense, and by a method inapplicable to large machines). The 
" graissage atmosph^rique^' of Decker and Laurent accomplishes 
the same end, the lower end of the upright shaft being surrounded 
by a bell, analogous to a diving-bell, which revolves with it. The 
air in the bell is kept of the necessary density by a small air- 
pump. 

§ 172. JorwdPs turbines. — The experiments on Jonval's tur- 
bines gave equally favourable results as those on Fontaine's. 
Messrs. Köchlin and Co. have detailed experiments on one con- 
structed by them at Mühlhausen, in the ** Bulletin de la Soci£t£ 
Indnstr. de Mülhouse, 1844.^' This turbine was 3,1 ft. in diam. 
8 inches high. It was placed 2^ — %" under the surface of the 
water in the lead, the fall being however 5i feet, and the supply 
being 125 gallons per second. The efficiency for u = 73 to 95 



C0MPABI80N OF TVBBINES. 297 

per min. was 0,7h to 0^90. Morin oonsiders, howeyer, that the 
quantity of supply was reckoned too low^ and that therefore tliis 
high efficiency most be reduced from 0,63 to 0,71. 

Colonel Morin made ezperiments with a turbine of 0,81 metres 
eztemal diameter, 0,12 metres internal width, 18 buckets, fall 
5} feet, supply 45 to 65 gallons per second. Morin comes to the 
foUowing conclnsions from all his experiments. In the normal 
State, the water having impeded entrance and exit, the namber of 
revolutions was 90 per min. and ti = 0,72. By putting contract- 
ing pieces on the wheel, the efficiency did not become much less 
(0,63) nntil the section was very considerably diminished. 

The efficiency did not vary for variations of velocity 25 per cent 
above and below that for the maximnm effect. By depressing the 
sluice, the efficiency was diminished, so that it is evidently a very 
imperfect regulator for the wheel. When the section of the aper- 
tnre for the discharge of the water was reduced to 0,4 of that for 
the normal condition, ri was reduced to 0,625. 

Bedtenbacher gives some experiments on a turbine of Jonval's, 
the maximum efficiency for the sluice fully drawn having been 
s= 0,62. As in the case of Foumeyron's turbines, these experi- 
ments indicate that the wheel working without load makes about 
twice as many revolutions as when famishing its maximum effect 
in its normal State. 

§ 173. Comparison of different turbines with each other. — 
If we compare the turbines of Fontaine and Jonval with those of 
Foumeyron, we find that in Fontaine^s turbines the water is less 
deviated from its original direction of motion than in Foumey- 
ron's, so that for the same velocity of entrance the resistance is 
less in the one than in the other. Thus the velocity of entrance in 
Fontaine's wheel may be made greater, and therefore the wheel may 
be made less in diameter than Foumeyron's. The guide-curves of 
Fontaine's wheels take on the water in more nearly parallel layers 
than they do in Foumeyron's wheels, where a divergence of the 
stream entering the wheel cannot possibly be avoided. 

On the other band, Foumeyron's wheels have certain advan- 
tages. The pressure on the pivot is reduced to the toeight of the 
machine in ^lotion; whilst in Fontaine's, the whole weigkt of 
water is bome by the pivot, thus involving greater friction, cateris 
paribus. Again, in Foumeyron's turbines, the particles of water 
move with the same velocity of rotation, which is not the case in 
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the newer turbine^ in which the velocity of the outer particles ib 
much greater than that of the inner. 'Hiis gives rise to eddying 
motions^ oonsuming mechanical effect^ and causing irregnlarities 
in the motion of the water through the wheel. The tnrbine ot 
Foumeyron is also more easily constructed than that of Fontaine, 
particukrly the buckets. 

Eemark 1. The Fontaine turbines are well adapted for tide-mUU. 

Remark 2. Jonval's turbines aze conaidered to preaent adyantages in respect of 
their being plaoed so that they can be easily got at. The limit at which tliey may 
be plaoed above the tail-raoe has been ahneady pointed out to be 34 feet ; but from 
experiments of M. Marazeau, and from certain theoretical considerations of Morin, 
it appears that the height of the tuibine aboye the water in the race must not excced 
eyen lower limits than the above, because otherwise, the water is very apt to fote 
its continnity immediately under the wheel, and thus ^jjßKt is lost. 

§ 174. Comparisan beiween turbine» and other taater-wheeb, — 
Turbines, from their nature, are appUcable to falls of any height, 
from 1 to 500 feet. Vertieal water-wheels are limited in their 
applications to falls under 60 feet as the highest. The efficiency 
of turbines for very high falls is less than for smaller falls, on 
aecount of the hydraulic resistances involved, and which increase 
as the Square of the velocity. Vertieal water-wheels having firom 
20 to 40 feet fall, give a greater efficiency than any turbine. For 
falls of from 10 to 20 feet, they may be considered as being very 
nearly on a par in point of efficiency ; and, for very low falls, 
turbines give a higher efficiency than any vertieal wheel that could 
be substituted for them. Poncelet's wheels, for falls of from 
3 to 6 feet, are on a par with turbines, but only within these 
limits. Turbines are unaffected by back-water whilst vertieal 
wheels lose effect in this condition. Variations in supply 
of water affect the efficiency of vertieal water-wheels less than they 
do that of turbines. This gives the vertieal water-wheel an 
hydraulic-economical advantage, which is in some cases of great 
importance. When water becomes scarce, the best effect from 
what is available may always be depended upon from a good 
vertieal wheel, whilst the turbine falls off in efficiency as its sluice 
is lowered, from causes which in our discussion of the theory of 
turbines we have fuUy explained. 

§ 175. Variations of velocity on either side of the normal con- 
ditions, has the same result in the two kinds of wheels, but the 
turbines have a decided advantage, in that they make a greater 
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number of revolutions per min. ihan any vertical wheels. The 
velocity of rotation is limited to from 4 to 8 feet per minute, 
whilst in turbines this velocity^ having a certain ratio to the 
height of fall^ is generally mach greater. The application of 
water to Operations reqniring great velocity is therefore most 
advantageously made by turbines; whilst for Operations reqnir- 
ing slow motions, the vertical wheel is to be preferred. It is a 
qnestion of practical discretion^ to decide as to whether it is better 
to reduce the velocity of turbines, or to raise the velocity of ver- 
ticaljwheels by means of the gear that is to transmit their water- 
power to the work to be done. 

For variable resistances, such as rolling-mills, forge-hammers, 
&c., the vertical wheel is certainly to be preferred^ because its 
great mass serves better for regulating the motion than the 
smaller turbine, which for such work requires the addition of a 
fly-wheel. 

In respect of economy of construction^ turbines are at least as 
cheap as vertical wheels. When the fall is considerable and the 
quantity of water great, the turbine is the cheaper machine of 
the two. The turbine almost necessarily involves the use of iron 
in its construction, and hence cannot always be adopted. The 
durabiUty, or the maintenance of a turbine, is probably less than 
that of a vertical wheel^ cateris paribus. 

In respect of workmanship, it is manifest that the guide-curve 
turbines require greater skill than vertical water-wheels do for 
their construction, with the same relative degree of perfection. 
Also, deviation from the scientific rules for their construction is 
of much more prejudicial oonsequence for turbines, than in the 
case of vertical wheels. This latter circumstance is the cause 
of the failure of many of the turbines that have been erected, 
and operates against their more general introduction. 

Turbines, it must be bome in mind, require clean water to be 
laid on, for they would be greatly damaged by sand, mud, leaves, 
branches, ice, &c., passing through them, and their efficiency 
lessened. This is not the case with vertical wheels. 

§ 176. Turbines with horizontal awis. — Examples of distorted 
ingenuity have been displayed in putting turbines, particularly 
Jonval^s and Whitelaws^, on horizontal axes. This mode of con- 
struction can never be advantageous, though it may have some 
local convenience suggesting its adoption. 
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Jonval and Redtenbacher have proposed the arrangement shewn 
in Fig. 271. Where AA is the lead-pipe^ BB the one, and B^B^ 
the other wheel, CC| the horizontal axis^ and BD and BD^ the 
jointing-rings (vol. ii. § 151), E and ^j being the tail-race. 

A throttle-valve in the main or lead-pipe is the means of 
regolation. 

pio. 271. 
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Herr Schwamkrug, of Freyberg, has recently erected a vertical 
wheel, working on the principle of the pressure-tnrbine. The 
wheel is like one of Poncelet's, but the water is introduced on the 
vmde by a pipe, so that it flows through the wheel near the 

bottom of it. Fig. 272, shews the 
arrangement adopted. 

The guide-curves DE, B^E^ are 
moveable on centres, and serve to 
regulate the discharge of water. 
This construction has advantages 
in respeet of the wheel being little 
exposed to the action of the water, 
and as the water acts on a very 
small are, the wheel must have a 
greater diameter than a turbine, 
and hence in cases where slow motion is required, may do away 
with the necessity of intermediate gear for reducing speed. But, 
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such a wheel would necessarily be more costly than a turbinej and 
its efficiency would certainly be less. 

The same principle might be applied, as shewn in elevation in 
Fig. 27S, tö a Fontaine's turbine. Such a machine is applicable 
for all falls, but never advantageously. 

Before concluding this subject, we may add that Poncelet^s 
turbines have been quite lecently applied in Switzerland, ander 
the name of tangential wheels. 



FIG. 273. 
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Fig. 274 represents a horizontal secticm of a part of one of these 
wheels, and the mode of laying on the water. S is the regolating 
sluice, in advance of which the lead is divided into three Channels 
by guide-plates. The water is discharged in the interior of the 
wheel in such manner that the pivot is protected from the water. 



LUerature. The literature on turbines, has of late yean become very extensive. 
We liave already mentioned several treatises and papers on the subject. The follow- 
log are some of the more important works. 

Foumeyron's original paper appeared in the ** Bulletin de la Sod^t^ d'Encourage- 
ment, 1834." Morin's *' Experimental Enquiry/' already quoted, foUowed in 1838. 
In 1838, Poncelet published bis '* Th^rie des Effets m^caniques de la Turbine 
Foumeyron/' in the '* Comptes Rendues," and as a separate treatise. In D*Au- 
bnisson's ** Hydraulique/' the turbine is treated of, but only superficially. In 1843, 
Combes pubUshed, " Recherches th^riques et exp6rimentales sur les Roues k r^- 
tion ou k tuyaux,'' a tract of considerable importance, as it for the first time recog- 
nises the necessity of taking into consideration the hydraulic resistances, which 
Poncelet and Redtenbacher have neglected to do. Redtenbacher's work, ** Theorie 
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und Bau der Turbinen und Ventilatoren, Manheiin, 1844," ii founded on Ponoe- 
let's theory, and is the best and mott complete work on tbe subject. On tbe newer 
turbines, there appeurs in the ** Comptei Rendues," tome xxii. 1846, *' Rjqiport war 
an Memoire de M. M. A. Koechlin, ooncemant nne nouveUe Tnrinne (Jonval) oon- 
struite dans leon atelien, par Ponodet, Piobert, et Morin.'* Also, " Note tor la 
Thterie de la Turbine de Koechlin, par Morin," et " Note tm TApplication de la 
Theorie du Monvement des Fluides aux exp^riences de M. Marozeau, par Moria.'' 
In the '* Comptes Rendues," &&, t. xxüL 1846, there appears a paper '* Exp^enoes 
et Notes sur la Turbine de M. Fontaine-Baron, par Morin." The *' Bulletin de la 
Sod^ d'Encouragement, 1844^45," contains notioes of the turfaiDes of Jonval 
and Fontaine. 

Armengaud's publication ** Industrielle," contains good drawings and descriptioBa 
of the turbines of Cadiat, Gallon, Foumeyron, and GentUhomme. In the ** Poljr- 
tech. Centralblatt, bd. viL 1846," Parro's turbine is described. Nagel's tmbine ia 
described in Dingler's ** Journal, bd. xcv," and Passot's turbine, in the same Jour- 
nal, bd. xdv. Bourgeois's screw, is a twrbme-keüce, or with screw-formed Chan- 
nels. See " Polytechnisches Centralblatt, bd. i. 1847." In the *' Proceedings of 
the Institution of Civil Engineers for 1842," there is a notice of turbines by Prof. 
Gordon. In the " Transactions of the Society of Arts of Scotland, 1805," there is a 
notice of a turbine erected at Mr. J. G. Stuart's flax-roill at Balgonie, in Füohiie. 
This is the flrst turbine erected in Britain, and is one of the laiigest ever made. Its 
eifidency is redconed to be «» 0,70. 
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CHAPTER VI. 



WATER-PRES8VRB EN6INES. 



FIG. 275. 



§177. Water-pressttre enffines. — Water-pressure engines, as 
tbeir name indicates^ are set in motion by a column of water. 
Their motion is a reciprocating rectilenear motion, and not rota- 
tory as in the turbine. The leading features of a water-pressure 

enginc are delineated in Fig. 275. 
-4 is a reservoir at the upper end 
of the pipe. AB is the pressure- 
pipe. C is the working-cylinder, 
in which the water moves the loaded 
piston K. In the pipe SC, by 
which the pressure-pipe communi- 
cates with the eylinder, the regu- 
lating valve or cock is plaeed. It 
is here represented as a three-way 
cock, serving altemately to open 
and close the commnnication be- 
tween the working-cylinder and 
the pressure-pipe. When the way 
is open, the water presses on the 
piston, and ndses it, with its load, 
throngh a certam height — the 
length of stroke — when the com- 
mnnication between the pressure- 
pipe and the eylinder is shut, a way is opened for the discharge 
of the water from the eylinder by the pipe Z), and the piston then 
descends by its own gravity. 

Water-pressure engines are either Single or double-acting, 
Fig. 275 shews the general arrangement of the single-acting 
engine, in which the piston is made to move in one direc- 
tion by the pressure of the water, and to retum by its own 
weight. 

In the double-acting engine, the up-stroke and down-stroke, or 
both strokes of the piston, are made under the hydraulic pressure. 
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Fig. 276 shewB the general arrangement of a double-acting engine. 
The cock Ib in tliis case a four-way cock. In I, the presBure is on 
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the Upper side of the piston through ABC, and the dischai^ 
goes on through CiB^D. In II. the pressure is on the under 
side through AB^Ci of the piston, and the discharge through 
CBD. 

Water-pressure engines are also made with two cylinders, each 
single-acting, but connected together, as in Fig. 276, so that 
while the one piston is ascending by the pressure of the water, 
the other is descending, the water being discharged therefrom. 
The relative position of the passages in the four-way cock are shewn 
in Figs. 277 and 278. 
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§ 178. Pres^ure-pipes. — ^The pressure-pipes should take the 
water froxn a feeding-cistern or settling-reservoir, in which the 
water has time to deposit the foreign matters it may have carried 
so far along with it. In front of this a grating must be placed 
to keep back leaves, ice, &c., &c. 
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'Hie end ol the pressure-pipes should dip so as to be 1^ foot/ at 
leasty above the bottom of the feed-ciatern, and 8 to 4 feet under 
the sorfiice of the water in it, ao aa to pr^vent the influx of 
heavier particlea^ and to render the indraught of air impoasible. 
For thia objecto the end of the pipe may be conveniently curved 
with the mouth downwarda, aa ahewn in Fig. 279. C being a 

Fio. 279. 




Talve for ahutting off the water from the pipe B, when required. 
F ia a division pkte in the ciatem. 6 ia a grating to keep 
back floating bodiea. The pre88nrerpq>ea may ba either of wood 
.or iron, but are nanally of the laü;er material, and made from 
^ to 4 the internal diameter of the working eylinder, The 
pipea for great heada are made to increaae in thickn^aa from 
the top downwarda proportionally to the preaaure. The formnla ; 
€ = 0^0025 ndi-^ Ofiß inchea may be nsed for calculating the 
atrength required for any given preaanre n in atmoapherea = 88 ft. 
of water ; d^ being the internal diameter of the pipes, The for- 
mnla, given in vol. i. § 288, ia applicable to ordinary water- 
condnita, but ia inapplicable to the preaent caae, becauae the 
preaaure of the water here variea frequently, and even acta with 
impact, when the valvea are auddenly cloaed, The pipea muat 
be carefolly proved by an hydraulic or Bramab preaa. The 
parasity of pipea, which at firat proving ia very aenaible, gradually 
becomea inaenaible aa oxidization goea on. In the caae of the 
pipea for the preasure-enginc, at Huelgoat, deacribed hereafter, 
boiled oil waa uaed in proving the pipea, by which they become 
impregnated to a certain depth with the oil, andthustheir poroaity 
atopped, and even protection against corroaion inaured, 
VOL. II. 20 
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The pressure-pipes are usually jointed by flanches and screw- 
bolts ; a ring of lead^ or of iron-rust being iuterposed^ as shewn in 
Figs. 280 and 281. A mixture of lime-water, linseed-oil varnish^ 

Pio. 280. Pio. 281. 





and choppcd flax^ makes a very good pipe-joint. The spigott and 
faucit joint^ with folding wedges of wood, makes the best and 
cheapest Joint for cast-iron pipes. 

§ 179. The working cylinder. — ^The working cylinder is made 
of cast iron^ or of gun-metal. The nnmber of strokes is limited 
to from 3 to 6 per min.^ so that there may be the least possible 
loss of effect ; and therefore the eapacity of the cylinder is made 
to depend rather on its length than its diameter. The stroke m is 
made from 3 to 6 times the diameter d of the cylinder. The mean 
velocity v, of the piston, is usually 1 foot per second^ in order that 
the mean velocity r^ of the water in the pressure-pipes, and henoe 
the hydraulic [resistances, may be as small as possible. It is 
not adviseable in any case to have the latter velocity greater 
than 10 ft. per second, and 6 feet is a better limit. If we 
assume v = 1^ and r^ = 6 feet, the quantity of water being : 

■ = — ^ — \ we get for the proportion of the diameter of the 

pressure-pipe to that of the cylinder, "j = a/ — = a/ — 

= 0,408, or about 0,4. 

If Q be the quantity of water supplied, per second, than for a 

icdP 
double-acting engine, or for a double-cylinder engine Q = -j- . v, 

and hence we have the diameter of the working-cylinder required 
rf= a/t^ = ^>lä \/~' *^^* ^' for t;= 1, rf = 1,13 i/Q ft. 

ird? 

For single-cylinder single-acting engine Q = J . -T-,t;. .'•</= 1,60 
— , and if v = 1, rf = 1,60 i/Q feet. If the stroke of the 
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piston = Sdtoßd, the time for one stroke of a single^acting 
engine i8/= —, orifr=.l, t = 9 in seconds, and hence the 
namber of Single Btrokes per minute : 

n, = —r— = ,•• when r = 1, «^ = — , 

and the nomber of double strokes : 

»1 80v .. , SO 

n = rri Ä , or if r = 1, » = — • 

2 s s 

It is^ however^ better in the case of a single-acting single- 
cylinder water-pressnre engine^ to begin the stroke somewhat 
more slowly^ or to cause the descent of the piston to take place 
more rapidly than with the mean velocity, because the hydraulic 
resistances are greater for the working or up stroke, than for the 
retum of the piston. 

The working cylinder must be accurately bored. The thickness 
of the metal is made greater than the usual rules of calculation 
ndicate as enough, to compensate for wear, and because of the 
shock at entrance of the water. The formula e = 0^0025 nd -{• 1 
will be found useful in guiding to the proper dimensions. The 
cylinder may be strengthened by mouldings or ribs cast round it. 

The working cyUnder is subject to a pressure in the direction 
opposite to that in which the piston moves, equal to the weight of 
a column of water Fhy, F being the area of the base^ A the 
height, and y the weight of a cubic unit ; A being not infrequently 
several hundred feet, this pressure of the water is very consider- 
able^ and hence the substructureon which the cylinder rests must 
be very strong. Water-pressure engines are erected in the shafts 
of mines for raising water, more frequently than in any other 
Position, and cannot therefore be placed on the solid rock, or 
foundations laid thereon, but have to be supported on cross-beams 
or arches of stone, or of iron. 
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Remark, Berides this presBure, the cylinder has to 
withstand a horizontal pressure in the direction of 
the water entering it, and proportional to its sec- 
tion. The effect of this is less observable, because 
the pressure acts at a point only a little aboye the base 
ofthe cylinder, and because the pressure-pipe, which 
is firmly connected with the cylinder, is equally pressed 
in the opposite direction. In any bend or knee-pieoe 
AB, Fig. 282, there is a resultant-pressure CR = R, 
20* 
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wbidi maj be put — P '•2 — Fj Ay . '%/2, F, being the trea of fhe pqpe, ind k 
tlie pfCMure heiglit. 

§ 180. The tDorhng-piiton. — ^The main piston which moves 
under the pressure of the water, consists essentially of a cylin- 
drical diso fitting smoothly into the cylinder. To majce this piston 
perfectly tight, and at the same time not to cause thereby too 
great a resistance to motion, Vipacking (Fr. gamiture; Gr. Lide- 
rung) of hemp, leather or metal is applied, either on the piston, or in 
the cylinder, in which latter case the piston becomes what is termed 
aplunger or ram. The packing of the pistons of water-pressure 
engines is usually either leather or metallic rings. They aie 
adjusted to a pressure proportional to the column of water, so 
that, on the one hand, no water may escape or pass, and on the 
other, that there may be no unnecessary firiction. The best 
packing that can be employed, is that in which the water itself 
presses the leather, or packing against the surface of the cylinder, 
or of the ram. The packing is made so that it can be graduaUy 
compressed as it wears, by means of a ring fitting upon it, and 
adjusted by screws. Fig. 283 is the piston of a water-pressure 
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engine at Clausthal, in which the manner of laying in the packing 
is dearly represented. A is the piaton properly so called, and jBjB 
the piston rod, aa and bb 9xe the packing rings, and ee two fine 
ehannek conunnnicating with the back of the packing b b. Other 
methods of packing we shall deacribe hereafter. 

For the plimger or nun, or Bramak-pMim, the pai^ing may 
likewiae be kept tight hydroatatically. A, Kg. 284, ia the piaton, 
B the cylinder, C the pressore-pipe, DD the packing or stuffing- 
box, acrewed on to thepisten; aa ia the packing-ring, and ii the c'/./ ^ ^' 
five Channels of communication. This manner of keeping the 
packing tight is more applicable to tiie ease of a 
stuflSng-box, than to the oidinary piston. 

JUmari, The compretMd ring packing ig alao applied at 
the compensation joints, which miut be introduoed in the 
length of the preasure-pipe. Fig. 285 shews soch a fnpe, 
AA being the enlarged end of one pipe Bf aocnrately bored 
ont, and resting on Supports CC; aa are paddng-rings com- 
pressed by screws and nuts on to the thickened end of the 
Upper pipe D, 

§ 181. The piston-rod and stuffing-box. — ^The 
piston-rod goes either upwards or downwards to 
the open end, or through the cover of the cylinder. In the first 
case, it requires very little special arrangement, and may be, in 
fact, is frequently made of wood. In the second case, it must go 
through a gtuffing-box, must therefore be tumed, and can only be 
made of iron or gon-metal. The dimensions of the piston-rod is 
to be calculated according to the received theory of the strength 
of materials. If d be the diameter of the working cylinder, and 
p the pressure of the water, on each Square inch of the piston, the 

rd^ 
force P = ~2~ • P > ^^^ if dj| be the diameter of the piston-rod, 

and K the modulus of strength of its material, then its strength 

= P =: 7^ K, and by equating the two forces, we have i 

d^^ d a/-^* Ji^ is to be taken firom the table in vol. i. § 186, 

hy 
and/9 is given by the formula/> = -r^ • 

The stuffii^-box (Fr. botte ä gamiiure ; Gr. Sicpfbüc/ise), is a 
box plaoed on the cylinder cover, so lined with leather or hempen 
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rings^ that the piston rod in passing through it, has freedom to 
niove, but the passage is rendered water, or air, or steam-tiglit, 
aecording to circamstances. F<^ water-pressure engines, a leather 

packing is fonnd to answer best. 
Fig. 286 shews the apparatus in qaes- 
tion, AA is the piston-rod, BB the 
stuffing-box, BaC its packing, DD 
the Cover with the screws for com- 
pressing the packing. A grease cup 
is sunk in the cover D, and kept fiDed 
with a grease composed of 6 parts 
bog's lard, 5 parts tallow, and 1 part 
palm-oil, or with pure olive-oil^ or 
neat's-foot oil. 

In the engine at Clausthal, oiling presses are applied, having 
a small piston, worked by a weight, and which forces the grease 
into the packing through a fine tube communicating with the 
Channels of a brass ring, having a section of the I form, and 
round which the packing is lapped. 

§ 182. TTie vcdves, — The vsJves and their gear are, as it were, 
the very heart of the water-pressure engine, for it is by them the 
machine is made continuously self-acting. The valves cover and 
uncover apertures for the admission and discharge of the water 
from the cylinder, and these are worked so as to open and shut 
the apertures altemately, by means of gear connected with moving 
parts of the engine, so that the engine is thereby made self-acting. 
The valves are either cocks, or sliding-pistons. The latter form is 
now generally adopted. 

The manner of applying a cock as a valve has been already 
explained, so that we shall now only further describe the sliding- 
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piston valves. The arrangeinent of piston-valves for a single-acting^ 
single-cylinder engine is shewn in Figs. 287 and 288. E is the 
preBsore-pipe, C the working cylinder, B the valve cylinder, A 
the disdiarge-pipe, K the piston valve, and L its counier-piston, 
which by taking the equal and opposite pressure, renders the 
movement of the valves more easy. When as in Fig. 287, K is 
lowered, the working cylinder and pressore-pipes are in commnni- 
cation, and when as in Fig. 288, K is raised to the position K^y 
the communieation between the pressure-pipes and cylinder is shut, 
and the passage for discharge of water from the cylinder is open. 
In the double-acting engine, or in the double-cyliüder engine, the 
slide-pistons must be arranged as in Figs. 289 and 290. £ is the 
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pressure-pipe, C the pipe going to the top, and C^ that going io 
the bottom of the working cylinder, (or going respectively to the 
bottom of the two cylinders in the double-cylinder engine). A is 
the discharge-pipe for the water suppUed by the first, and A^ that 
for the water snppUed by the second. From Fig. 289, we see that 
when the slide-vcJve is np, the pressure-pipe is in communication 
with C, and the discharge made through A, and when the sUde- 
pistons are lowered, the communication is open to C^, and the 
used water discharged from C by the pipe A^. 

§ 188. The valve-cock. — ^The cock is used for smaller engines 
as shewn in Fig. 291, HH is the cock, BB its cover, K is the 
squared end on to which a lever for tuming it fits, D is a screw 
for raising or lowering the cock in its cover. The passages of 
the cock are made so as to suit the purposes to which it is appUed, 
as we have explained above. 
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In Fig. 291^ a means of counteracting the eflfects of greato- 
pressnre Coming on one aide of the cock is shewn ; bbi Bie two 
cuta on the cock^ communicating with the paaaage a, by the open- 
ings c, Ci, 80 that a counter-pressure is obtained, which by proper 
adjustment of the parts^ cut out at b and dp balanoe the diagonal 
pressure in the main passage« 

In Order to equalize the wear of the cocks on all aidea, 
Mr. Brendel^ of Freiberg^ introduced the method of tuming them 
round continuously in the aame direction^ instead of tuming them 
backwards and forwards through only 90^. We shaU see the 
application of this valve in a description of a water-preasure engine 
erected by M. Brendrel^ in the sequeL 

§ 184. The slide-piston vahe. — ^The pistons are generally made 
of slips of leather^ placed one above the other^ and closely packed 
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together^ as we have mentioned for tbe packing of the stuffing-box 
in § 181. The engine at Huelgoat, was originally made ¥rith 
cylindrical slide-valves of gan-metal. These histed^ without repair, 
for seven years ; bat in 1839, the valves having worn loose^ a depth 
of 5 inches^ consisting of 24 discs^ or rings of leather pressed 
together and accarately turned down, was sabstitnted. Reichen- 
bach made the cylinder valves of tin, and the engines in Bavariai 
in most recent times^ have had the valves made by a combination 
of leather and tin rings. 

At the end of the stroke of the working-piston, the valve-piston 
AK (Fig. 292) rises, gradually shutting off the water from the 
cylinder^ bat in gradually cheddng the flow of water in the course 
ECy the piston is pressed on one side^ and this gives rise to a 
yery rapid wear. To prevent this, the end of the pipe CD com- 
monicating with the working cyUnder is carried quite round the 
valve cyUnder, so that it encloses it, and the water then presses 
equally on every aide of the piston, aa it moves up and down. 
The packing suffers by this arrangement, as it has room to expand 
at this point, and has to be compressed as it passes into the 
cylinder above or below it. On this account the supply of water 
^j^ 2gj to the cylinder is carried through 

a series of openings, as shewn in 
the horizontal section in Fig. 293. 
The objection to this arrangement 
is, that it increases the hydraulic 
resistances. The form of the 
valve piston iT is of great impor- 
tance. The communication be- 
tween C and E must not be suddenly opened or shut, so that the 
colunm of water, in motion, may not be suddenly brought to rest ; 
for this acts violently on the engine, on the same principle as is 
more fully devdoped in the so-called hydrauüc-ratn. The gradual 
opening of the communication may be managed by giving the 
piston a particular form. We shall hereafter show how a slow 
motion of the valve piston is effected, and in the mean time pennt 
out, that by giving a conical shape to the head, or that part of the 
piston which begins the dosing of the ports, a ring-formed open- 
ing is made between C and E, which is gradually diminished as 
the piston ascends, until it is finally closed. Besides this arrange- 
ment, the top of the slide-piston is perforated by slits that 
gradaally diminish, but leave a narrow communication between 
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C and E, even when the ring-formed opening above mentioned is 
quite closed^ so that the passage is not perfectly closed until the 
slide-piston stroke is completed. This System of coning öut the 
top, and perforating the upper part of the piston proper, is 
applied in the Clausthal water-pressure engine. 

§ 185. The valve-gear. — The gear for moving the yalves of 
water-pressure engines is generally complicated, more so, for 

instance, than in the steam-engine, 
because water is practically an in- 
compressible fluid, exerting no pres- 
sure when cut ofi* from.the pressure- 
column. When the piston Ä, Fig. 
294, in ascending, cuts ofi* the pres- 
sure column &om the working cylin- 
der C, then either the motion oS the 
working piston ceases, or in virtue of 
its via vha it moves away &om the 
water in the cylinder, as this has no 
expansive capability. But this for- 
mation of a vaeuum under the piston 
must be carefully avoided, and there- 
fore the valve piston should begin to 
rise, while the main piston stroke is 
still unfinished, and thus the vis viva 
of all the parts connected with it is 
gradually destroyed by the gradual 
cutting off of the pressure column. 
But although the stroke of the piston 
is completed as the slide-valve closes 
the communication, the motion of 
the slides must not stop here. The 
water in the working cylinder must 
now be discharged. The valve must 
rise somewhat higher, in order to open the orifice of discharge. 
Hence it is not posrible to work the valve-gear directJy from the 
moving parts of the engine, for then the motion of both would 
cease simultaneously« Intermediate gear must be introduced, by 
which the motion of the valve piston is continued after the work- 
ing piston has come to rest. This gear may be worked either by 
weights, raised by the piston in its ascent, and let fall at a parti- 
cular part of the course, or by Springs, bent during the motion 
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of the piston^ and disengaged at the end of the stroke^ or by a 
subsidiary engine regulated by tbe main engine^ but whose work- 
ing piston moves the yalves of the main-engine« The gear of 
water-engines is, therefore^ either counter-balance gear, fpring-gear, 
or water-pressure gear. 

§ 186. Caunier-balance gear. — ^This gear was that first em- 
ployed^ and is now found only as the older water-pressure engines^ 
under the name of fall-bob, valve-hammer, and other names. 
The principle of the different Systems is always the same. They 
are essentially a heavy weight raised by the working piston^ and 
suddeuly let go to work the cocks, or valves^ by means of linked 
levers. We shall here describe only two of these arrangements. 
The small engine in the Ffingstwiese mine^ near Ems, has gear 
connected with a pendulam or fall-bob, moving two pistons S and 
T, lying horizontally under the working cylinder K, Fig. 295. 

FIG. 295. 




The pendulam Swings on an axis C, and consists of a heavy hob 
G, and two fork-like Springs FD and F^D^, carrying a cross- 
head DBD^, having a projecting piece B, in the centre, passing 
between two small roUers on the valve-rod. The bob is raised so 
as to exceed the summit of its arc, by means of link-work 
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CHNMLRj connected with the ram of the engine at JB. Motion 
is not commonicated firom the axis of the pendulum C, but by 
means of an arm CO^ on a separate axis, and forming a single bent 
lever with CH, and which pnahes out the Springs FD and F^D^ 
altemately, so far that the bob G is brought beyond the position 
of Stahle eqnilibrium, and in its fall gives the valve-rod the requi- 
site extra posh to right or left. At the commencement of the 
stroke of the working piston, the whole apparatus has necessarily 
a very slow motion. The coming into play of the arm CO, on 
the one or other spring, should only take place when the stroke 
is nearly completed, that as the valye-piston gradually advanoes» 
the retarded motion of the working piston may begin. 

It is easy to perceive firom our figure, how the pressure water is 
introdnced into the cylinder, and discharged from it at the end of 
the stroke. When the piston £f is in the orifice A, the pressure- 
water firom E enters by the opposite orifice into the cylinder; but 
if fi^ be in the orifice next E, so that the orifice A is open to the 
cylinder, then the water that has raised the ram discharges into 
the waste course at A. 

Remark. This Utile engine hat 60 feet fiül, 4feet stroke, Ü foot ctiameter working 
cylinder, tnd made Qxl 1839,) 1 ttioke in 65 aeoonds. 

§ 187. The vatoe-hammer. — The arrangement of the valve- 
hammer^ is well illustrated by that on the water-engine at Blei- 
berg in Karinthia, and which is fully described in Gersiner^s 
Mechanics. Fig. 296 shews this arrangement in plan and eleva- 
tion. A and A are the rods of the working-pistons, BDBi is a 
babmce-beam connected by chains and counter-chains with the 
rods. The valve-hammer G, and its wheel FF^, on the horizontal 
axis M, iB connected with the balance beam by another set of 
chains FK and FiKi. An attentive consideration of the figure, 
shews that the reciprocating motion of the piston-rods raises the 
hammer, and lets it fall without hindrance firom the balance-beam 
or chains. On the fall of the valve-hammer wheel> there are two 
Catches a and Op which, when the hammer falls, catch upon a pro- 
jection on the horizontal rod £Z^. This rod LL has two nobs 
e Ci into which the handles or keys of the cocks, K and K^ are 
set, so that the cocks tum through an angle of 90^, when the 
hammer in its fall forces the holt b, by means of the catches a and 
Ol to the right or left. This method of moving the cocks is neces- 
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sarily sudden, and gives rise to yiolent shocks^ so that it is only 
applicable to small machiDes, or thoee having moderate falls. 

The oocks have a passage, or are bored through the axis, and 
through the side. Throagh the former the pressure water enters 
by knee pieces O and 0^ into the barrel-shaped bottom pieces 
iV^and Ni at the bottom of the working cylinders; and through 
the side passage, the pressure water is brought to the cock from 
the eyUnder. In order that only as much water may be used as 
is neoessary to fill the space passdl through by the working-piston, 
the discharge is made to take place tiiufer water into special reser- 
voirs ^and JT,. 

Remuark, The engine now described has a fall of 260 feet, stroke 6| feet, cylinder 
7 inchea diameter, 8 ttrokea per minute. It ia in many respects an ünperfiect 
engine ; bat it is economically adapted to ita poaition. We bave not only to concider 
mechanicaljMiy«e/toii in the constniction of engines in general, bnt we ha^e to 
weigh well the cirennbitances in which the engine ia to work, the Cunlities for 
repair in the particnlar locality, and the relative supply and demand for the water 
power. 

§ 188. AuxiUary water-engine valve-gear. — No application of 
spring-yalve gear has been made ; but the method of using an 
auxiliary water-engine is now come into very general use. The 
general arrangement of such an auxiliary engine-gear is shewn in 
Fig. 297, as applied to the great water-pressure engine in the 

Fio. 297. 




Leopold shaft, near Chemnitz. This engine has two cylinders, 
Cand C^; Eis the pressure-pipe, A the discharge-pipe, H the 



AUXILIARY WATER-ENGINE VALYB-GBAR. 



819 



main-cock, K a quadrant key fastened on the cock. The auxiliary 
engine has a horizontal cylinder a a^ with a piston b on the piston- 
rod c C|. The piston rod is connected with the valve-rod ddihy 
cross-pieces, so that the two united form a rectangular firüne. 
The valve-rod is connected with the qnadrant by two chains, so 
that the reciprocating motion of the piston b commonicates a rota- 
tory motion of 90^ to the cock. The auxiliary-engine is worked 
by means of the cock h h^ lying horizontally^ with two bore$ or 
passages^ as in the case of the main-cock H. The little pipe e 
communicating with the pressure-pipe E, takes the pressure 
water to the cock h h^, from which it passes throngh the pipes 
//i to one side or the other of the piston b^ so that it is moved 
backwards and forwards^ the water nsed in each altemate stroke 
being discharged by the other passage in the cock^ and thence by 
a pipe from h. llie small cock h h^ is tumed by the double- 
handled key gg^ connected by slender chains to a double-armed 
lever parallel to it^ and which is on the same axis as the balance- 
beam to which the piston-rods of the two cylinders are attached. 

Fio. 298. 
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The whole play of the valve-gear is now evident. While thc 
working-piston riaes and the other descends, the cock hh^ u 
tomed by the lever or key ^^p thua the commnnication between 
the water and the cylinder a a| is opened or shut, and thna power 
is obtained for bringing the piston b, and the cock ITinto the oppo- 
site Position^ so that the first working-cylinder is now shut off 
from the pressore-pipe^ and the second put in commnnication 
with it. 

Remuari. The engine in the Leopold shaft has 710 feet faU (Austrian meaiare), 
8 feet atroke, 11 inch diameter of cylinder, eadi piston makea 3 atrokea per mmate. 

§ 189. The working of the valves (Fig. 299) by means of an 
aiudliary-engine, is well illustrated by that of the double-acting 

FIG. 299. 




water-pressore engine at Ebensee^ in Salzburg; the auxihary- 
engine being^ in this case, an exact model of the working-engine. 
CC^ is the cylinder of the principal engine, and ec^ ikat of the 
auxiliary. K is the piston of the one, and k that of the other 
cylinder. S and S^ are the valve-pistons of the weriang^ and 
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s and »i those of the auxiliary-engine. JSE| (Fig. 300) is the mala 
preasure-pipe, and e ej the pipe communicating with the auxiliary- 
engine. Lastly A and Ai are the orifices of diseharge of the main, 
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and a a^ those of the auxiliary-engine. Thus the one engine is an 
exact counterpart of the other, the dimensions being^ however, very 
different in the two. The valve-gear of the auxiliary-engine consists 
in the cantilever BD attached to the main piston-rod at D — of the 
yalve-piston rod ff», connected by the link/^ to the rod / /i, on 
which there are two studs placed so that the lever DB, catches 
upon them a little before the end of the up and down strokes 
respectively, of the main-piston^ and thus the valve-piston is 
moved. It is easy to trace how this motion admits the pressure- 
water altemately above and below the piston iT, so as to raise or 
depress the valve-pistons k S| S, giving the required alternation 
of admission of the pressure water above and below the main 
piston Km 

Remark. The engine mt Ebensee has a fall of only 36 feet, a stroke of 17 inches, 
VOL. II. 21 
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and a cylinder of 9i inches diameter. It makes 6 itvalcM per miniite, and moyea two 
double acting pumps. 

§ 190. The valve-cylinder. — In tlie larger engiiies of recent 
date^ the yalve-pistons of the main-cylinder are enclosed in the 
same pipe, or cylinder^ aa the piston of the aoxiliary-engine; 
and in some engines the eoiinter-pressure-valve^ or piston balancing 
the pressure on the vahre, is the working piston of the anxQiary- 
engine^ and thus great simplicity of construction is attained. 

Fig. 801 shows a simple arrangement adopted in two engines 
in the Freiberg mining district. S is the main piston-valve^ and 
G the counter-pressure-piston^ C an intermediate-pipe communi- 
cating with the main-cylinder, E the entrance for the pressure 
water, and A the orifice of discharge for the water usedj E is the 
commnnication with the valve of the auxiliary-engine, which in 
this Gase is a cock. The piston G ia larger than 8, and there- 
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fore the valve apparatus SG descends^ when the pressure is 
admitted from above at e, and ascends when the pressure 
water is cut off at e, and the pressure acta undemeath. For 
«ach stroke there is a consumption of a oertain quantity 
k>f water for the valves^ and which is lost for useful effect. 
This amounts to the Contents of the space passed through in 
the up or down stroke. In the construction^ now under con- 
sideration^ this is not so little as in some others^ for the 
piston O must have^ at least^ one and a half times the area of the 
piston 8, the sectional area of which is the same^ or even greater 
than that of the pressure-pipe. 

The System of valves shewn in Fig. 802^ is that of the Claus- 
thal engine^ and here the waste of water is less than in the last 
mentioned System. For there are three pistons; namely : the main 
valve-piston AK, the counter-piston G, and the auxiUary-piston H; 
the latter being somewhat less in area than the former. The water 
is brought into the valve cylinder by the pipe e, and the reverse 
motion of the piston is eflected by a small cock through which the 
water enters before Coming into e, and through which also when 
the revolution is completed^ it is let off. The cock is moved by 
link work^ by means of a tap on the main piston rod. 

Remark, The engines at CUiuthal have 612 feet M, diameter of cylinder 16i 
inches, stroke 6 feet, and make 4 strokes per minute. 

§ 191. S(ixon water pressure^engine. — The arrangement and 
motions of a double cylinder water pressure-engine may be clearly 
understood by a study of a sectional view of the engine^ erected 
in the Alte Mordgrube^ near Freyberg, in Saxony, delineated in 
Fig. 803. CK and CjÄ, are the two working cylinders, K and K^ 
being the working pistons, S and T are the two valve-pistons, IV 
is the auxUiary-piston, and S^ 7\ and W^ are the points in the 
valve cylinder ATW^ at which the pistons are for the return stroke 
of the working pistons. E is the entrance of the pressure-pipe E^E 
into the valve-cylinder, CS is the intcrmediate-pipe communicating 
with the one, and Cj T the pipe communicating with the other 
working cylinder. A is the orifice of discharge of the one, and 
Ai that of the other, (this latter orifice is nearly covered by the 
piston rod in the drawing). The two piston-rods BK and B^K-^ 
are connected by a balance-beam (not shewn in the figure) so that 
as the one piston ascends the other descends. , It is, hence, easy 
to perceive, that for the lower position of the valve-piston, here 
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represented^ the pressure water takes the course ES^C, driTing 
the piston K upwards^ and that the piston K^ is pushed down- 
wards, the used water taking the course CiT^A^ to the discharge 
orifice A^. 

The auxiliary valve consists of a four-way cock A (abeady 
described) shewn in I. in the second position^ and extemal eleva- 
tion at II. This cock givea passage between the pipe e «| and 
the pressure-pipe^ and between g h and the valve-cylinder. 

It is evident that in the one position of h^ the pressure water 
takes the course Ee^ ehgJV, and presses down the auxiliary 
piston W, whilst for the second position of A, the pressure water 
is shut off from Wy and hence the ascent of the valve-piston 
System STW, the retum of the valve water through gh^ and 
its discharge at a a^, can take place. That the valve-piston syatem 
may riae when the water is shut off firom Wy and may deacend 
when it is let on, it is necessary^ that the piston T, pressed 
upwards by the pressure water^ should have a greater sectional 
area than the piston 8, which is pressed downwards by the pres- 
sure water ; and also, the auxiliary piston must have suffident 
aiea that the water pressure, or W and 8 together, may ezceed the 
opposite pressure on 71 

The valve-gear of this machine is composed of a ratdhet-wheel 
r, a catch r ib, a rod kh, and a beut lever A cf with its friction- 
wheel/ and the two wedge-formed pieces m m^ set on each piston- 
rod. The catch r A is connected with the axis of the cock, and is 
held by a small balance weight q in its place on the ratchet-wheel. 
When the piston K has reached nearly the end of its stroke, the 
wedge m (or m^) passes under the friction-wheel, and tums the 
lever/cAtoa certain extent, so that the rod AA is drawn up, 
and the wheel and cock A are tumed through a quadrant. As 
the working piston makes its retum stroke, the lever falls back 
again, and the catch slides back over the next tooth of the ratchet, 
and is ready at about the end of this retum stroke to push round 
the ratchet, &c. 

Remark. The water pre88i2re-eng;iiie& in the Alte Mordgrabe» hts a fiiU of 356 feet, a 
stroke of 8 feet, 18 inches diameter of qrlinder, and makes 4 donble strokea per min. 

§ 192. Huelgoat water pressure-engine. — One of the laigest 
and most perfect water pressure-engines hitherto erected, is that 
at Huelgoat in Brittany. It is a single cylinder, single acting 
angine. Fig. 305 represents the essential parts of this engine. 
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and its valve-gear. CC| is the working cylinder, KK^ the work- 
ing piston^ and BB^ the piston-rod working through a stoffing- 
box at JB. In the Saxon engine^ the piston is packed by a single 
sheet of leather ; but in this engine, the rim of the piston is packed^ 
and there is also a shcet of leather^ held in its place by a 
ring. The valve cylinder ASG is united to the working cylinder 
by the pipe DD^, into which the pressure-pipe opens at E, and 
the discharge-pipe at A, To the valve-piston 8, a counter-balance 
piston T of greater diameter is connected by the rod ST. This 
System will, therefore^ be forced upwards by the pressure water^ 
if a third force be not brought into play. This third force is^ 
however, prodoced by bringing the pressure water above T, 
through the pipe e^ ef, and in order to use only a small quantity 
of water for working this valve System^ a hollow cylinder GH is 
placed on T, passing through a stuffing-box at H, and therefore 
exposing only an annular area to the pressure of the water. 

The altemate admission and exclusion of the pressure water of 
the hollow Space ff ff, is effected by an auxiliary*valve System, 
reaembling the main-valve System in every respect ; consisting like 
it ofa valve-piston 8, a counter*balance piston t, which is a solid 
piston passing through a stufBngbox at h, For the position sth, 
shown in our figure, the pressure water has free circulation 
thmugh c/to g ; but if 5 / Ä be raised, so as to bring 9 above/ 
this passage is stopped, and the valve water, in the hollow space 
gg, escapes through a Oy, when ST goes up. Lastly, to derive 
the motion of the auxiliary valve-piston System from the engine 
itself, there is let into the working piston KK^ an upright rod 
with a feather-edge attached to the side. This feather has a series 
of holes drilled in it, into which catehes can be put as Xp X^ at the 
required distance apart. The link 6 A is connected to two levers, 
centred at c and o, and connected by the Unk /. The end of the 
one lever has an arc, on which there are two projections or catehes 
F,, Y^. As the up stroke of the piston comes to an end, the 
catch Xj strikes on y^ and thus sih\% moved to its upper posi- 
tion, and at nearly the end of the down-stroke of the piston, the 
catch X^ strikes Y^ and the valve System sth descends to a 
lower Position. It is now easy to perceive how the altemate posi- 
tions of ST, necessary for the reciprocating motion of the piston, 
ÜC/fj, are pi*oduced. 

§ 198. Balance.— Tor regulating the motion of water pressure- 
engines, several auxiliary arrangements are necessary which we 
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shall expUin hereafter. The aaoent Mid denni of tfae w<vking 
piston 18 regulated by an "■'—"fy^i^"'*^ caDed a baUmce, or ctnmter- 
Imlamee wUck aida tiLt aMitnn of the piston in the one directioD^ 
and ntacda il in the other, ao that the worldng of the madiine 
goes <m with a nearly uniform vdocity. In the donble eylinder 
engine, the balance is efiected by a iinq;»le beam, connecting the 
two eylindera. In the donble-aÄfcing aingle-cylinder engine, a fly- 
wheel is neoessary, and in the single-acting, single-cylinder 
engine a coonter-balance weight either of a solid body, or of a 
eolonin of water, an kydraulic öalance, is employed. In the 
second part of this work, the subject of *' Regulators of Motion/' 
will be specially treated, and we therefore, for the present, make 
only a few general remarks. The mechanical balance consists 
of a beam with a weight at one end, and haying the other end 
attached to the piston of the engine, so that the weight assists 
during the worldng stroke of the piston to counterbalance the 
piston and rods, and during the down stroke, or diachai^ of the 
used water, prevents the too rapid retum of the piston and rods; 
the adjustment being such as to allow of the discharge stroke 
being made in abput half the time that the working stroke oocu- 
pies. The hydraulic balance consists of a second column of pipes, 
which asoends firom the discharge orifice to such a height, that the 
water it contains counter-balanoes the extra weight of the piston 
and rods. The machine at Huelgoat, and also those at Clausthal, 
have hydraulic balances. 

There is evidently neither loss nor gain of effect by the use of a 
counter-balance, save by the pryudicial resistances they give rise 
to in their motion. The balance beam has the advantage that its 
balance-weight can be varied as required; and the hydraulic- 
balance has the advantage of HmpHeitff, when other circumstances 
do not interfere with its application. 

§ 194. Tkroltle-valves.'^The cocks or throttle-valves of water 
pressure-engines are important organs, their function being to 
regulate the snpply of water to, and its discharge firom the engine 
— ^that is the ipeed of the engine. These yalves must have a 
prejudicial effect on the efficiency of the engine, and yet, they are 
a necessary evil. In order to regulate the ascent and descent of 
the working-piston and of the valve-pistons, there are necessary, 
four cocks or valves — one in the pressure-pipe, and one in the 
discharge-pipe (as Zy Fig. 306) ; also a cock in the pipe leading 
the valve water above the auxiliary- piston, and another similar in 
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the pipe which discharges the water used in the valves, as e and 
a in Figs. 805 and 806. 

To get the highest efficiency from a water pressure-engine^ its 
work ahould be aacli as to render any emftraction of the prestoie- 
pipes, by a throttle-valve, nnnecessary for its uniform motion« If, 
bowever, the nsefiil effect of the engine is greater than is required 
by the work to be done, the excess mnst be taken away by eheck- 
ing the supply by means of the throttle-valve^ or by shortening 
the stroke of the engine. 

If it be an object to save water, the latter means is the best 
when possible, because the efficiency of the machine is not thereby 
interfered with. 

A change in the length of stroke of the piston is easily effected 
by altering the position of the catches on the rod Xy, X^ Fig. 806. 
Ilie nearer X^ and X^ are brooght together, the earUer the 
reversing of the stroke ensues ; and, therefore, the shorter is the 
stroke of the working piston. 

§ 195, Mechamcaleff'ectofwaierpressure-enffines. — Inreckon- 
ing the effect of water pressnre-engines, we shall make use of 
the following symbols. 

F = the area of the working-piston. 

Fl = the area of the pressure-pipes. 

J = the diameter of the working-piston. 

di= „ „ pressure-pipe. 

dji = „ f, discharge-pipe. 

h = the fall from surfaee of reservoir to surface of water in 
discharge-ehannel. 

hl = the vertical distance from the sorface of reservoir to the 
snrface of piston at half-stroke. 

&2 = the distance from surface of discharged water to the piston 
at half-stroke. 

s s the stroke of the piston. 

li s length of pressure-pipe. 

^ =s length of discharge-pipe. 

V = mean velocity of piston. 

V| = mean velocity of water in pressure-pipe. 

Vji = mean velocily of water in discharge-pipe. 
We shall assnme the engine to be single-acting, making : 

11 = the number of strokes per minute. 

Q = the quantity of water used per second. 

The mean pressure of the water on the piston surface F is 
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P^ = Fh^ y, and, therefore, the mechanical eflect produced per 
siroke, prejudicial resistances ncglected, is P^ « = F« Aj y, and 
per minute n P « = n F« Aj y, and therefore the mean eflFect per 
second, is 

In the retum of the piston, the mean effective resistance is 
Pj = Fh^yj and, therefore, the mechanical effect consumed t» 
Pg « = Fh^sy, and hence the loss of effect per second is : 
Lg = Qh^ y, and, therefore, the effect available 

L = L,—I^ = Q (Ai-Äj) r = Q Ay, 
as in many other hydraulic recepient machines. 

This formula is evidently not changed should the working- 
piston not iSll up the cylinder, i. e. supposing a plunger is used, 
round which there is a free space, or supposing the piston does 
not descend to touch the bottom of the cylinder. Nor would tbe 
eircumstance of the discharge taking place below the mean position 
of the piston — ^that is of A, being negative, or A = A| + A, alter 
the formula. F is the area of a section of the piston at right 

angles to its axis, or F = -^, and, therefore, the form of the 

piston can have no effect. 

§ 196. Fricium of the piston. — Of the prejudicial resistances, 
the firiction of the piston is a principal one. As there are no acca- 
rate experiments on this subject, we must content ourselves by 
estimating it from the pressure of the water, and a oo-efficient of 
friction ascertained in the nearest possible analogous circumstanoes. 
If the packing be on the hydrostatic plan, the force with which 
each dement e of the packing is pressed against the cylinder 
during the up-stroke is = c Aj y, and during the down stroke it 
is =/c Äj y, and hence the friction ^fe Ä^ y, and/e A^y, respec- 
tively. The total friction will be the sum of the frictions of all 
the Clements, or of the area of the whole packing. If the breadth 
of the packing be b, then w dbis the area, and then the piston- 
friction is R-^^^ftr äbh^y for up-stroke, and R^^fwdbh^y 
for down-stroke. 

It is convenient to express the various prejudicial resistances in 
terms of a column of water of the area of the piston, and whose 
height A3 or A4 is the head lost, (in the present casc) by the fric- 
tion of the piston. Let us, therefore, put : 
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Ä,=FÄ3 y, and R^=Fh^ y, or Fh^^fw d h Aj, and Fh^^fwdbh^ 

or putting ^, for F we have -^ =fbh^, and -;j^ = /* A^; 

and hence the loss of fall, corresponding to the friction of the 

piston A3 = 4/ ^ Äp and A4 = 4/ ^ A^. 

If we deduct these heighta, we get for the mean power during 
the up-stroke : 

P, = F (Ä, - A3) y = ( 1 - 4/5) Fk, y, 
and during the down stroke : 

P, = F (A, + A,) y = (1 + 4/^) FA,y, 
and hence the resultant mean effect : 
i=A(P^_P,),=:^((Ä,_A,)-4/§(A, + Ä,))F,y 

= (a-4/|(ä, + Aj) Qy. 

If tbe rising pipe height, A, = 0, or be very small, thcn we 
have more simply 

L=(l-4/^)QAy. 

We see from this that the loas of effect from friction of piston 

is so much the greatcr, the greater -^ and -^ are, that is the 

greater the head, and the greater the counter-balance head. 
To reduce this friction, the packing should not have unneces- 

sary width. In existing machines -5 = 0,1 toO,2. The co-efficient 
of friction is to be taken as determined by Morin/ = 0,25. This 
being assumed, we see that 4/^ = 0,1 to 0,2, or that the fric- 
tion of the piston absorbs from 10 to 20 per cent of the whole 
available power. 

§ 197. Hydraulic prejudicial resistances. — Another source of 
loss of effect in water pressure-engines, is the friction of the water 
in the pressure and discharge-pipes. According to the thcory 
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given in vol. i. § 829^ the pressure heigbt or head corresponding 
to this lo8s> C being the co-effident of friction^ is 

A r= 4" . — . — , This applied to the pressure-pipc, becomes 



d 
A 



»1 
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A5 s C • -^ • n^ 1 c^d applied to the discharge-pipe» it is 
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Aß Ä ^ . ^ . gi- . But the quantity of water, is 

-ji . »1 = -j* . tr = -^ t>, therefore, 

rf,»t>j = 1^' v^ =s rf8 1^^ Qp ,,^ — / \ „^ nnj „^ — \dl *'' ^'^^ 
hence, we may put 

and for velocities (t;| and v^) of from 5 to 10 feet, 
( = 0,021 to 0,020. 

In Order to reduce these resistances, the pipes must be of as 
great diameter as possible, and the number of strokes as few as 
possible. 

The motion of water in the pipes of a water-pressnre engine, is 
different from that in ordinary conduit-pipes, inasmuch as in the 
former, the velocity continually varies, whilst in the latter it is 
sensibly uniform. 

Hence the inertia qf the water plays a more conspieuous part in 
the one than in the other. In orderto put a mass, 3f, into motion 
with a velocity t;, there is required to be expended, an amount of 

mechanical effect represented by -^; and hence to oommunicate 

to the column of water in the pressure-pipes a velocity v,, the 
weight being F| /, y, there is required an amount of mechanical 

effect = Fj /j y ^. If the water-^mlumn be cut off from the 

working-cylinder only at the end of the stroke of the piston, this 
amount of effect would not be lost, for this column wonld restore, 
or give back the mechanical effect, during the gradual cessation of 
the piston's motion ; but the cutting off of the water-pressur^ from 
the working-piston takes place, although near the end of the stroke, 
yet gradually and while the piston is in motion, so that the work- 
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ing piston and column of water oome to rest at the aame instant; and 
hence the valve-piston canses a gradoal absorbtion of all the vis vha 
of the water-column during the first half of its ascent, inaamuch as 
it brings a gradually increasing resistance in the way, by gradually 
decreasing the paasage, and hence we may assume that the mecha< 

r ■ . 

nieal effect due to inertia. F.Ly , ^i» lost at each atroke. 

If we introdnce »i = ^ <^* wid F^ = -^, then we have for 

the above amoiint of mechanical effect —7- . —rV f • h-j and 
hence the mean effbrt during the whole stroke s, 

" 4 • d,^s'^'2^' 
and the corresponding loss of fall or preasure-head : 

'^^ d,^s'2ff' 
A I0B8, that would be expressed in a similar manner, takes 
place on the retum stroke, dnring which the water is forced ont 
of the cylinder with a velocity v^, and the vis viva communicated 
to it at the commencement of the stroke is of coorse lost to the 
efficiency of the engine. The pressure-head lost would be: 






To keep these two losses by inertia as small as possible^ it is 
requisite to have the pressure and discharge-pipes of greatest 
diameter, and least length possible, to have a small velocity of the 
piston, and a long stroke. 

RemarM. To mitigate or to get rid of the pnjudicial effect of shock, which the 
sndden cutting off of the water gives riae to, an air vessel haa heen introduced in 
many engines, at lower end of the pressure-pipesi and near the yalvea. ThiB is a 
cylinder filled with compreased air, analogons to the air-vessel on fire-engines. The 
air in this case ahaorha the ezoesa of vU vhm in the water, heing compreased hy it ; 
and the air expanding again, restores this vis vha at the commencement of the next 
atroke, the water heing forced from the air.yeasel into the woridng^linder, nearly 
as if nnder the original hydrostatic-pressure. In the application of this arrangement 
to machines having very great falls, the air in the vessel has heen found to mix with 
the water, so that it is gradually removed from it entirely. To prevent this, dther 
a piston mnsthe iitted into the air^hnder, or air must be continnally snpplied to it 
by a small air-pnmp to make np the absorption of it by the water. 
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§ 198. Chmuges in direclion and in sectional areas of the various 
pipes of a water presdure-engine are further causes of diminished 
efficiency. Although these losses may be calculated by the for- 
mulas given in the third and fourth parta of the sixth aection of 
the first volnme, it appeara neceasary that we ahould here bring 
together the formulas to be applied. 

In the pressure and discharge pipes^ there are bent knee-pieces, 
the motion of the water through which involves a loss of head^ 
which may be expressed, according to vol. i. § 334, by the for- 

mula A = {| ^ . — * Here ß is the are of curvatore, genendly 
T Zg 

= n, Ci is a co-efficient depending on the ratio between the radias 

r of the sectional area of the pipe, and the radius of curvature of the 
axis of the pipe, and which may be calculated by the formula 

^1 = 0,131 + 1,847 (— )'^i or may be taken from the tables 

given at the place cited. For a bend in the pressure-pipe, the 
head due to the resistance is 

and for a bend in the discharge-pipe : 

At the entrance of the water into the valve-cylinder, as well as 
at its discharge from it, the water is suddenly tumed aside at a 
right angle, exactly as in an elbow, or rectangular knee-piece. 
There is, therefore, a loss of head in this case, which according to 

vol, I. § 333, may be put : Ä = 0,984 — , or almost equal to 

— . For uniformity sake, we shall put this loss of head for the 
pressure-pipe : 

and for the discharge-pipe : 

'^'-^'i^-^^\Tj Tg' 
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Budden changes in secOamd area ; as^ for example^ at the entrance 
and discharge of the water into, and firom the working-cylinder^ 
give me, in Uke manner, to a loss of pressure head. According 
to vol. I. § 887^ such a loss is determined by the formula 

F" — ^) 2~* ^^^ *^® entrance of the water into the 

working-cylinder, this formula applies directly, if F and F^ be the 
areas of the cylinder and pressure-pipes respectively. For the 

jF 1 . . . 

discharge on the other hand r=- = -, in whicfa a is the co*efficient 

p^ a 

of contraction. If a = 0,6, then ( 1 j = ^; and hence, the 

head due to the resistance to the entrance of the water into the 
cylinder: 

and for the discharge : 

For simplicit/s sake, however, we shall put 

so that, when F = ^^ is introduced, and F^ = —^ , then 

<.=*(l)-a'=*(f)'- 

To avoid loss of effect by sudden variations of velocity generally, 
the intermediate pipes, and parts of the valve-cylinder through 
which the water passes, should have the same area as the pressure 
and discharge pipes, or, at all events, the intermediate passages 
should gradually widen out to the area of the main-pipes. 

There are further special losses of effect occasioned by the cocks 
and throttle-valves. These are to be calculated by the formula 

A = fg . 1!-, Mid the co-efficients K^ depend on the position or 

VOL. II. ^^ 
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angle of the eocks^ See., and aie to be taken from the tables, 
vol. I. § 340. Hence for the aacent of the working-piston : 

*"* ^ ^* • (fl^y • fe* "** *^' ^^^ descent, Ai« = f ß . (^)* . ^. 

By setting the regulating cock or valve, the co-efficient of leaia- 
tance may be varied to any amount from to oo , or any exoeaa 
of power may be absorbed^ and the velocity of the piston checked 
at pleasure. 

§ 199. Formulafor the ta^ful fffecU — If in the mean time we 
leave the valrea out of consideration, we can now construct a 
formula representing the useful effeet of a water preaaore engine. 
The mean effort during an asoent of the piston, ia 

^ = [Ai— (A3 + Aß + *7 + *9 + *ii + *i3 + Am)] ^y> 
and the resistance in the descent : 

i^i = (*a + *4 + *6 + *8 + *io + *ia + *i4 + Aie) ^T; 
and hence the e£fect for a double-stroke : 

{f—p,)b^ [*!—(*, + A, + A4 + ••. + *i6)] f^y. 

and the mechanical effeet produoed per second : 

L= [Ai — (A, + A3 + A, + ... + Aie)] • ^ • Fny. 
If^ again, we put : 

then we may express the useful effeet very simply and compre- 
hensively, by 

i= [*-(4/j,»,+»J + [.,(D'^^'] .^)] .^. 

On account of the greater length of the pressure-pipea^ k^ ig 
considerably more than k^ ; and^ therefore^ the time for the up-atroke 
/i is uBually allowed to be longer than that for the down stroke t^. 
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If we make the ratio -^ = ^ = ^^ then 



/, =- 



00" ^ , 1 60" ^ ^ ^'^ 



y 



+ 1 



.— ,and^, = -p3.— 



and if we retain v as the value of the mean vdocity of a double atroke 
i i f = 60^' ^^'^ ^^ mean veloeity during the up-atroke 
_ _« y -f 1 ng _ y + 1 V 

" ^1 " y •eo"""^" T' 

and that during the down-atroke 

= -1. = (v + 1) . ^ =: (^ + 1) . ^, 

and hence, the useful e£fect may be expressed more generally : 
or, introducing ^ • ^« = Q> 

-=['-H<»,.*j.[^(i)*(l)- 

or introducing » = ^ = ^, 

i.= (»-[*/» <», + *j + (-i.. +^.) r^i)" 

In the double-acting water pressure-engine, the mechanical 
effect produced is of course doubled. 

This formula shews, yery clearly^ that the useful effect of a water 
pressure-engine is greater, the greater d, d^ and d^ are, or the 
wider the cylinder and pipes* It is also demonstrable, by aid of 
the higher calculus, that for a given number of strokes the useful 
effect is a ma3Limumj or the prejudicial resistances are a minimumj 

22* 
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when -3^ = ^^ that ia, when v = A/ '^i • ^'' *" exBxa- 

ple, d^ = dij and 1^1 = 8 ic,, then y = VW=z 2, or the time for 
the up-stroke would be double that for the down-stroke. By 
applying a balanee-beam^ attached to the working piston-rod, this 
ratio y, between the time for the up and down-stroke, may be 
adjusted by the counter-balance weight applied. Any reguLition 
by meana of the throttle-valve, or cocks, on the pressure or 
discharge-pipes, can only be effected «t the cost of useful effect, 
as by these a loss of power measured by f^ is occasioned, and 
which increases in proportion as the passages are oontracted. 

If the mechanical effect required, be less than the best e£fect 
of the engine, the excess must be destroyed or checked by the 
throttle-valves. 

BMompii, It is required to mtke the calculatioiis neoeasaiy Ibr etUblishiog m 
nngle-Acting, single^linder water pressnre-engme for a &11 A » 350 feet, and a 
quanUty of water Q » 1 cabic foot per second. 

Suppoee 9 the mean nHodij of the up and down-atioke -« 1 foot, then for its 

area, we haTe F » Lr « ^jJ. — 2 sqnare feet ; and if we arrange that the water 

•hall mo?e thitm^ the prasrare and discharge-pipea with a Telodtyvi » c^ s 5 feet, 
then for the section of these pipea, we have Fj » — » f » 0,4 iquare ft. Hence 

the diameter of the woi^ing-piston, d - a/— - a/-^ -" 1>5958 feet ; and that 

of the preMue and discharge-pipea, d| - d^ » \/^~^ "* \/— '^ 0,71364 feet 

For dmplidty and certainty, we shall assnme if » 20 inches, and <f| » d^ » 7 incbes. 
If, for coonter-balancing the rods, &c., we carry np the discharge-pipe 50 feet 
above the mean height of the piston, or make A, » 50 feet, then A, »A + A,»«400 ft. 
We shall assume fiirther, that the total length of pressore-pipe ^ » 450 It, and 
that of the discharge-pipe i^ >- 66 feet For a diameter of 20 inches, 

F-!^.J.«. 2.182 „«««....,-^-^^-0.9166*. 

Suppose we have 4 strokes per minute, then the length of stroke 

^,60ü ^60.09166, y^^^^ 
2ii 8 

If, again, we suppose the width of the packing of the piston 6» ■^a2§ inches, we 
get as the pressure height absorbed by the friction of the piston : 

4/4 (A, + Ä,) - 4 . 0,25 . i (400 + 50) « i|?- « 56,25 feet, 

or there remains, after deducting the piston friction, the head 350 — 56,25 »293,75 
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feet. To calcolate the hydnulic reautances, we nrast, in thfi fint place, detenmne 
c, änd Kf, That Ibr the pressure-pipe, 

,,_{i + ^ + {,ft. + :, + {, + :;, 

and that for the discharge-pipe : 

and in these ezpresaiona : 

l = 0,021, 4 = ^ - 600, and i. - ^ = 88 ; 

therefoTC, ^ A = 0,021 . 600 = 12,6, and ; A = 0,021 . 88 « 1.85. Again, 

^i'^ ^ / 9 V ^*^ = 13 26 and*^' ^ - (lYJ^ - 1,94. 
■5^ ^ W ' 637 ^^'^^' "ä^ W 6,87 '"^ 

If we furthcr aMune, that the hends in the pipes have radn of curvaturc « « 4 r, 
or if ^ B if we have as the oo-effident of resistance in benda : 

Zi « 0,131 + 1,847 (-i.)* =» 0,145, and if the aggregate angle of deilexion by 
curves in the pressure and discharge-pipes » 270^, or if : 

ft^^^^^ ft^^Ä «0,145. 4«0,22. 

IT IT lS(fi ^ IT IT 

If, fbrthcr, the water, bcfore and after its work is done in the cyündcr, mak^ two 
rectangular deviations in its progress through the valvc^lindcr, we have, in the 
formnlas for jC| and c^, ;, » 2 . 1 » 2 ; and if the vaWe-cylinder is of the samc 
diameter as the pressure and connecting-pipes, the co^fficient of resisUnce for the 
up-stroke ?, - [l — l^YV = (1—0,2026)« « 0,64, whilst f6r the down-stroke 

C« » ^ » 0,44. 

If the throttle and othcr passage-valves be fully open, thcn ?, = 0, and, there- 
fore, we have Cj = 12,60 + 13,26 + 0,22 + 2,00 + 0,64 « 28,72, and 
K, = 1,85 + 1,94 + 0,22 + 2,00 + 0,44 « 6,46. 

Lastiy, we have the best ratio of the times for the up-stroke and down-stroke : 

V- y(A= ^^2^1,646, ornearly5to3. 
By introdudng these valnes, we gct the height of column remaining : 

.._[V^(,.«*(^.,)(!llJ)'.i.(^)"] 

.«„._ (Bg^ ..,«)) (4)' .«..»• (4-^r 

- »WS- 18.7» . 0.1» . ÄiiÜS - mji-Uh - !»i.J «■ 
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FIG. 307. 



From this we get the effidency of this engine, neglecting tbe medunictl efiect 

required for woridng the Yalves, 9 = -1?^ - 0,832, and the luefiil effect : 

350 

L - 291,3 . 1 . 62,25 » 18468 ft. Ibs. or 34 hone power, netriy. 

§1 200. Atffustment ofthe valves. — The arrangement and proper 
adjastment of the valves is a most important part of the water 
pressure-engine. As in all the engines we have described piston- 
valves are used^ we shall in what follows confine ourselves to the 
consideration of these arrangements. 

We shall first consider the System having 
two pistons, as used in some of the Saxon en- 
gines, and represented in Fig. 807. 

If we assume that the valve-piston 8 is 
pressed upwards with a mean pressure A|> and 
downwaids with a pressure A,; and if the 
height of the counter-piston 6 above S^e, 
and therefore the height of the hydrostatic 
column under 6 = A, — «^ and that above G 
aecording as the water is let on or shut off^ 
Äj — e^or h^ — e. If fiirther,. d^ = the diame- 
ter of Sj and d^ = that of O, and we shaU 
assume that the packing of the two pistons 
consists of leather dises pressed together, and 
that they are about the same height or thidL- 
ness. If now, this piston-valve System he yp, 
as shewn in Fig. 807, the letting on of the 
pressure water above G would oceasion a 
descent of the valves, and therefore the difference of the water 
pressure on S and 6, in eombination with the weight 12 of the 
System, must be sufficient to overcome the firiction of the piston 
S and G. The pressure downwards on 

and the eounter-pressure under G = \^ {h^ — e) y. The down- 
ward pressure on Sf = ^7^ A^y, and the counter-preseure under 




4 



•rf« 



S = — -^ Aj y, and' henoe the power to push the system down : 



4 
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= -f W-<^*)(*i-Ä,)y + Ä, 

or thc faU Aj — h^ being represented by h : 

The friction of the pistons, even though they be not on the hydro- 
static principle^ is proportional to the circomference of the piston, 
and to the difference of pressure on the two sides of the piston, and 
may be represented by F= 4>irdhy. Hence^ in the case in question 

Hence we have the following formnla : 

-J W-O Ay + Ä = ^ , (rfi + d;,) Äy, 
or^ simplified: 

If, on the other hand^ the valve has to rise from its lowest Posi- 
tion after the water has been cut off^ then the excess or the diffe- 
rence of the water pressure on S elone, must overcome the weight 
of the Yalve System^ and the friction of the pistons ; because then 
the pressnres on both sides of O cease^ we must^ therefore^ have 

i- rf/ (Ai-A^ y = Ä + ♦x {d, + d,) Ay, 
or, more simply : 

These formula will serve for calculating the diameters di and 
d^ of the two pistons. Neglecting R, which, in considerable falls, 
is almost always of small amount : 

rfj* — rf,' = 4^ (rfj + d^, and d^* = 4^ (rfi -h d^), therefore, 

d,^ — d,^=rd,\0Td,'^2d,\ 

andy henoe, the diameter of the counter-piston : 

d;, = rf^ V^2 = 1,414 d„ 
or about -J- of the diameter of the piston-valve, which is determined 
by the first equation : 

^' — rfi' = 40 (rfi + d^), or ^- df^= 4<p, 
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if we Substitute in it : ^^ \^2 for d^. 
We then have : 

d, = TtI^Ti = (^2+1) . 4<^=2,414 . 4^, and 1/3= 8,414. 4 f 

Taking the weigkt of the pistons into account, we have, with 
sufficient aceuracy, 

^ <f>7r hy v2 

and from this, we have by the cquation 1 : 

' * fpvhy v2 <f>v hy (1 + v2) 

For the sake of certainty in the worUng, both diameters are 
made somewhat greater, and the excess of power is absorbed by 
setting the regulating cocks already mentioned, so aa to ezacüy 
adjust the area of passage. Judging from the best existing engmes, 
we may take 4^ = 0,1, or ^ = -^, In Order that in the passage 
of the pressure water through the valve-cylinder, there may be 
the least possible hydraulic resistanoe, it is usually made of equal 
area, at that part, with the area of the pressure and intermediate 
pipes ; and supposing the formulas give a diameter di, which is 
less than that of the pressure-pipes, we may consider that there 
exists an excess of power, which must be adjusted by the r^;a- 
lating cocks* 

Exan^le. It is required to detenuine the proportions of a two-piston valTe-fyitem 
im a water pressure-engine. Suppose the weight of the pistons and rod, && » 150 
Ibs. Leasing this wdght out of the cahnxlation, the diameter 
di » 2,414 . 4 ^ « 2,414 . 0,1 » 0,2414 ft » 2,897 inches, and d^ « 3,414 . 0,1 
» 0,3414 » 4,097. Taking the wdght of pistons, &c. into aoconnt, d^ » 0,2414 

+ ^^^'^^/'^^^^^ « 0,2414 + -^51 « 0.2414 + 0,0212 =- 0,2626 fl. « 3,151 
0,05 . 400 . 66 V 8,8 . ^ 
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incfaes, and li^ » 0,3414 + 0>2^3 . 150 ^ ^^^^^ ^ q^^j ^ q^^qI ^^ 

^ 0,05 . 400 . 66 IT 

« 4,202 inches. It will be sutBcient in thii case, if we take «f, » 3i, and d^ » 6 
inches. For so unall a oounter-balance to piston-valye, only a small supply of water 
ift necesaaiy; bat the resistance in the paasage through tbe valTe-cylinder woold be 
gieat. If on this acoonnt, we put «fj » 6 inches, then we should have to make 
df at least » d^ ^/2 » 8,484 inches, that is firom 84 to 9 inches, the exoess of power 
bdng absorbed by adjosting the oocks. 

§ 201. In the three-piston valve system, the mode of calcub- 
tion is very Bimilar to that gone through above. The advaDtage 
of this System is^ that we may make one of the pistons^ the valve 
piston proper^ for example^ of the same diameter as the pressure- 
pipes. The calculations for the valves in the engine represented 
in Fig. 803^ may be made as foUows. Patting £^ = the diameter 
of the lower piston^ or first valve-piston^ and d^ that of the aecond^ 
and J3 that of the upper or counter-piston ; then, for the desoent, 
wehave 

1.) rf,«-rf,' + Ä,' + ;^ = 4^ (d, + 4. + d,), 

and for the ascent : 

2.) <^._d,«_i^ = 4,t{d, + d, + d,). 

From dl we can by means of these formulas, determine d^ and d^ 
making d^, however, somewhat greater than the calculation gives 
for ensuring certainty of action. If we put the value thus found, 
into the formula 

we get as the diameter of the third piston : 



rfs = /v/2W-0 



SR 



irhy' 

which^ for the reasons already given, should be made something 
more than the absolute result of calculation. 

For the valve System of the engine in Fig. 805, we have the 
foUowing formulas. Let A| = the mean height of the pressure 
column, and A, = the mean height of counter-balance column ; 
dl the diameter of the valve-piston, dj, that of the counter-piston, 
and d^ that of the projection forming a third piston. The power 
in the descent, is then 

and that in the ascent : 
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therefore : 

l.)d*-^d,* + ^ = 4^{d,+d, + d;),mA 

2.) 4,«_rf;+AÄ,«_iA = 4^(d,+4, + rfO. 

If (^ be given, we can then calculate dj| and d^ but we mnst 
keep (£, somewhat above, and d^ somewhat below the result of the 
fonnnla. The fonnalas 

1. d;»— <*,* = 8 f (rfi -KJi + <i,), and l; ■' '- > '"^ 

2.^.+ (*l^)^. = 2^.+ l« , -7 

are of rather simpler application. 

For the valve system shewn in Fig. S08^ already mentioned as 

pio. 308. 
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that of the Clausthal engines^ we have, when J| = diameter of 
valye-piston^ d^ the diameter of upper or counter-piston, and d^ 
that of the lower or auziliary piston^ the power for descent : 

The power of ascent : 

^ W (*!— A»)-rfi* (*,— Ä») + rf,* Aj] y-Ä ; therefore, 

1.) rf,._- A«^. + iA = 4^ (rfj + d; + «y, and 

2.) Ä,*-rfi* + -|^d,'-;^ = 4f (d, + «^ + «y. 

Safmi^le. Suppoong, m in the lait meatkmed engine, A| » 688 ft, and Aj » 76 
feet, R B 170 Ibs., and if, » ^ ft., we get the dSameten of the other inftont •• 

follows: i^> » 8 ^ (<^ + <^ + <U, and alio » 2 <f|S— ^ d* + lA, or,in nnm. 

h w hy 

ben: tV - M (0,S + d^ -f- 4)t and « 0,5-- 2,248 d^* + 0,0107. If now ire 
asamne d^ » 0^) feet, we have by one formnla d^* » 0,5107—0,2023 « 0,3084, 
that !• 1^ » 0,655 ; and by the Moond fonnnla, d,* « 0,2 . 1,355 >- 0,2710, L 0. 
d^ » 0,5205. But if we put <^ - 0,33, than 4> - 0,5107 — 0,2448 - 0,2659, or 
dj -> 0,516, and again ^* » 0,2 . 1,346 » 0,2692, or 1^ « 0,519. Henoe, 
d^ B 0,33 . 12 » 3,96, or aboat 4 inchet, and 1^ » 0,52 . 12 » 6,24, or 6| inehes. 
Jordan, the engineer, who erected these machinet, hat made d^ » 4 in. 1,6 Hnes, 
and dg » 5 inchet, 9f linet, from which we dedooe that 4 ^ ia somewhat leti than 
0,1 in thit caae. 

Rtnmrk. To calcnlate more aeonntelyy the diameter of the Talve-rod wonld haye 
to be taken into acoonnt. 

§ 202. WaierfoT the valves. — ^The quantity of water required, 

for the motion of the valves, gives rise to the loss of a certain 

amount of mechanical effeet^ or to a diminution of ihe engine's 

efBciency^ because it is abstracted firom the water working the 

engine. It shonld^ therefore, be rendered as little as poasible, 

that is djp the diameter of the counter-piston, and its stroke should 

be as small as possible. The stroke depends on the depth of the 

valve-piston, or on the diameter of the intermediate pipe. The 

intermediate pipe is, therefore, made rectangolar : of the width of 

the working cylinder, and low in proportion. As it is made of 

wd* 
the same area as the pressnre-pipes, we have ad = ^ , and, 

therefore, the height, or least dimension of the intermediate pipe, 
irrf,' 
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That the valve-piston may cut off the water exactly at the end 
of the stroke^ it is made three times the height of the pipe, or its 
depth is Ol = 8 a; and hence the stroke of the yalve-piston proper 
«, = ai + a = 8a + a = 4a^ and the quantity of water expended 

for each stroke is = — ^ #^ = «• a d^. 

If the engine makes n strokes per minute^ the quantity of water 
expended by the valves per second 

and hence the loss of effect corresponding : 

or the loss is the less the longer the stroke of the engine. . -' - ^ 

As to the valve gear^ the power reqnired to work it^ is so small^ 
that it may be left out of consideration. The study of the arrange- 
ment of the mechanism arises under another section of our work. 

Exangfle, If in tbe water pressure-engine, the subject of the example cd. 
culated, ihere be applied a yalTe-piaton of 9 incbes diameter, and, therefore, a 
oounter piston » 9 '/2~«- 13 incbet diameter. If, furtber, the intennediate pipe 

bave a hdffbt a - ^l - ^^1^ . ^i^ « 3,18 inches, tben the Talve-pigton 
® 4rf 4.20 80 '^ 

must have a height aj « 3 a » 9,54 incbes, and ita stroke «j »> aj + a -» 12,72 
inches ■> 1,06 feet, and therefore the quantity of water expended each stroke 

1,06 «• 0,977 cttbic feet, and hence the loss of effect per second : 



-f(M)' 



£i » JL . 0,977 . A y B i. . 0,977 . 350 . 622 « 1500 ft. Ibs., or aboot 3 kone 
60 '60 

power. It wonld certainly be better in this case to make the piston-valves less in 
diameter, and have a lower intennediate pipe, for altbough this wonld increase the 
hydraulic reststances, stiU it wonld not inTolve so great a loss as the waste of water 
we have calculated implies. 

§ 203. Experimental resuUs. — There are not many gooli ei:pe- 
riments on the effect of water pressure-engines. These engines 
are usually employed as pumping-engines in mines^ and the expe- 
riments that have been made^ involve the whole machinery, as 
well as the engines themselves^ in the results as to the efficiency. 
But it is very easy to get an approximate determination of this 
efficiency^ if we assume that the efficiency of water pressure- 
engines and pumps are in certain proportions to each other. This 
assumption we may make with perfect propriety^ as the engine 
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and machine are very analogous in their construction and move- 
menta. We shall not give any advantage to the water pressure- 
engine^ nor be far from the truth, if we suppose the loss of effect of 
the whole apparatus to be due in moiety to the water pressure- 
engine. The calculation then becomes very simple. 

The effect at disposition is ^ {Fs + F^Si) h y, in which F^ is 

the section, and s^ the stroke of the anxiliary piston. The effect 

produced, however, '^^^F^h^y, if Fj = the section of the 

pump-piston^ and h^ the height, the water is nused by the pump. 
The loss of effect is, therefore, 

the half of which is : 

= ^\.{Fs^.F,,;)h-F,,h,-\, 

and hence the efficiency of the water pressure-engine : 

, AFs-\-F,s,)h~F^sh, _ F,8K -IM, X 

''-•^ * (F8-\-F,8,)h -*^2F*+FiOÄ"*^^^''i^' 

if 1/1 be the efficiency of the combined engine and pumps. In this 
mode of calculation, it is assumed that there are no losses of water, 
and when the machinery is in good order, this loss is so small 
that it may be neglected. Jordan found fc^ the Clausthal engines, 
that the loss of water in the water pressure-engines is only \ per 
Cent, and in the pumps 2^ per cent. The experiments are made by 
opening the regulating apparatus in pressure and discharge-pipes, 
and then raising the height of the pump'CoXxxmny or increasing the 
work to be done tili the required number of strokes is performed 
wdformly. 

By experiments on this prindple, Jordan found that one of the 
Clausthij engines gave, when making 4 strokes per minute^ 
fi^ = 0,6568, and making 8 strokes ij^ = 0,7055, and therefore 

1 6568 
in the first case, i? = -^-5 — = 0,8284, and in the second : 

' = 0,8527, and hence as a mean ^ == 0,84. When 



" 2 

the greatest effect of a water pressure-engine cannot be detcrmined 
by the method of heightening the pump-column tili a uniform 
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motioD iB establishedj it may be done perhaps by dimmiHhing the 

water pressure-oolonm. This^ however, can only be done when 

thaezoess of power of the engine is small^ that is, when the part 

ot the water-colmiin to be taken oß ia smaU. The water may be 

kept at a certain lerel in the presanre-pipes, asoertained by a 

floate and in this way the efficiency for a certmn head be deter- 

mined. The engine in Alte Mordgrube^ near Freyberg, waa ezpe- 

rimented on in this way, and it was found that for 8 atrokea per 

minute i|| = 0,684, and henee the efficiency of the water pressore- 

1 684 
engine alone ia to be estimated as ii = -^^ — = 0,842. 

The most of the results reported in reference to the efieet of 
water preasore-engines, are too nncertain to be worthy of mach 
confidence, having been deduced from ezperiments in which eaaen- 
tial circumstanoea were not noted. If we take f aa the oo-effident 
of reaiatance oorreaponding to a certain poaition of the regulating 
valvea or oocka, aa giyen in the table, voL i. § 340, the fall y, 
loat by thia contraction, may be eatimated by the formula : 

and we can, therefore, eatimate the efficiency by the formula : 

Bxttmpk. A preasore-eDgine contumes 10 cabic feet of water per le eoa d, bendes 
0,4 cttbic feet for the Talves. The ftll »- 300 feet, the meui velodty of the water 
in the preuure-pipea » 6 feet per seoond, and the circular throttle-yalTes in the 
main-pipe stand« at 60*. Suppose, that by this engine, there is raised at eadi stroke 
3,5 cubic ft. 420 feet high, at what Is the efficiency of the angine to be eitimated? 
Acoording to toL i. § 340, for the poaition of the yalTe 60«, 

; « 118, /. ^ . ^ - 118 . 0,0155 . 6« -68 feet ; and henee, 

^ - * - 10 (800-W)- n.4 . 30o )- * - 2ITI2) - * • '^"^'- 

§ 204. Chabp-wkeeb. — ^There are other water-power machinea, 
neither wheela nor pressore-enginea, bat which are to be met 
with from time to time. We may mention the following : 

The chain of bucketa (Fr. roue ä pision ; Ger. Kolbenreul), haa 
recently been revived aa a machine recepient of water-power by 
Lamolierea {8ee '^ Technologiate, Sept. 1845). 
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FIG. 309. 




FIG. 310. 




The principal parts of this 
machine aie ACB, Fig. 809, 
over which passes a cliain ADB, 
fonnmg the axis connecting a 
series of pistons (called buckets 
or sauoers), E, F, O, 8cc., and 
a pipe EO, through which the 
chain passes in such manner, 
that the pistons nearly fill the 
section of the pipe. The water 
flo¥ring in at E, descends in 
the pipe E O, carrying the 
buckets along with it, thos 
setting the whole chain in mo- 
tion, andtuming the sprocket- 
wheel ACB round with it. La- 
moliiire's piston-wheel, oonsists 
of two chains haying from 10 
to 15 buckets, with leather 
paeking. The buckets have an 
elliptical form, the major axis 
being 8 times the minor axis. 
The sprocket-wheel consists of 
two discs with six cuts to receive 
the buckets. For a fall of two 
metres (6' — 8"), the surface of 
buckets being 0^25 square feet, 
the quantity of water 81 litres 
(6,82 gallons) per second, the 
number of revolutions 86 to 89, 
it is Said that an efficiency 
= 0,71 to 0,72 was obtained. 

Remark, This machine is the chain- 
pump used in the English navy, con- 
verted into a redpient of power. For a 
deacription of the chain-pnmp«, »ee 
<* NichoUon'a Operative Mach. p. 268." 

The chain of buckets (Fr. 
noria, chapekt, pater-noster ; 
Ger. Eimerketie), is a similar 
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apparatos. The chain in this machine has a series of buckets 
attached^ Fig. 310, of such form, that no pipe is required. The 
water entera at A, fills the buckets successively, and sets the 
whole series in motion, so that the sprocket-wheel C is made to 
revolve. This wheel should give a very high efficiency, seeing 
that the whole fall may be made uae of, bat from the great 
number of parts of which it is composed, there liability to wear, 
and other sourcea of loss of effect, it is practically a very inefficient 
machine. 



Remari. Wc may here mention, that the so callcd rotatory.painp, rotatory steam. 
enginet, &c., may bc adapted to rcccivc water-power. Rg. 311, represents a water- 
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pressure wheel, of which there is a detailed description, and theory given in the 
'' Polytechn. Centralblatt, 1840." It is Pecqueur's roUtory steam-engine adapted to 
water-power. BOBi '^ <^ strong accurately tumed axis, A and J^ being two wings 
connected with it, and which serve as pistons. These pistous are endoeed in a ootct 
DBDi El, in which there are four slides moTed by the engine itself, and performing 
the (ünctions of valves. The axis is bored three times in the direction of its length, 
and each of the hoUow spaoes has a lateral oommunication within the coTer. The 
pressure water flows through the inner bore 0, enters through the side openings 
C and Cj, into the, in other respects, isolated space between the axis and the cover : 
presses^against the pistons A and Ai, and in that way sets the axis in rotation. 
That the rotation may not be interrupted by the slides, they must always reoede 
before the piston comes up to them ; and on the other band, that no water pressure 
may act on the opposite side of the piston, the slides must fall back instantly on the 
piston passing them, so that the Spaces ABE and AßiE^, are shut off, and comma- 
nicate only with the passages B and ^j, through wliich the water is discharged 
when it has done its work. 
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Mr. Armstrong, of Newcutle, constructed a water-pressure wheel of about 5 H. P., 
in 1841, a deacripiion of which will be found in the "Mechanic's Magazine/' 
voL XXXII. 

Liierature.--yfe shall oondude by aome acoount of ihe litentore and statistics of 
water-pressnre engines. Belidor, in the "Architecture HydrauUque/' describesa water- 
pressure engine with a horizontal working cy linder, and mentions alfo, that in 1731, 
MM. Deniaard and De la Duaille had oonstmcted a water-pressore engine. But this 
machine had only 9 fieet fall, and raiaed about ^V part of the weight of the power, 
water to a height of 32 feet It appean pretty certain, however, that the water. 
pressure engine was employed for raising water from mines, fint by Wmtenchmidt, 
and soon afterwards by HölL The details of this historical fad are to be found in 
Bnsse's " Betrachtang der Winterachmidt. und HöU'schen Wassersäulenmaschine, 
&c., Freiberg, 1804." A drawing and description of Winterschmidt's engine is given 
in Cahrör's *' Historisch chronolog. Nachricht, &c., des Maschinenwesens, &c., auf 
dem Oberharze, Braunschweig, 1763." HÖll's engine is described in Delius's 
" Introdttction to Mining," originally published at Vienna, 1773, and in the descrip. 
tion of the engines erected at Schemnitz, by Poda, published at Prague, 1771. 

Smeaton mentions the water.pressure engine in 1765, as an old invention, im- 
pToved by Mr. Westgarth, of Coalcleugh, in the county of Northumberland, at which 
tirae sereral had been erected in different mines on Mr. Westgarth's plan. Se0 
Smeaton's Rep. toL ix. p. 96. 

Trevethick, the celebrated Comish engineer, also invented or reproduced the 
water.pre8sure engine, and erected one still at work in the Druid copper mine, 
near Tniro, about the year 1793. See Nicholson's Operative Mech. 

The water.pre88are engine is now in use in nearly every mining district in the 
World. The Bararian engineer, Reichenbach, greatly improved, and has made a 
moflt extensive application of this power for raising the brine to the boiling 
establishments in the Salzbourg district. These engines have never been accu. 
rmtely described, but notices of them will be found in Langsdorf s " Maschinen- 
kunde," in Hachette's " Trsit^ ^mentaire des Machines," and in Flachat's " Trait^ 
elementaire de M^canique." The engines erected by Brendel, in Sazony, are 
described in Gerstner's " Mechanik," where also the engines in Karinthia and at 
Bleiberg are described in detail. The water.pressure engines in the Schemnitz 
ilistrict are described by Schitko in bis " Beiträgen zur Bergbaukunde." Jordan 
has given a very detailed account of the engines at Clausthal in Karsten's *' Archiv 
für Mineralogie, &c., b. x.," published as a separate work by Reimer, of Berlin. 
Junker has described bis engines at Huelgoat in the " Annales des Mines, voL viii. 
1835," and the description is published as a separate work by Bachelier. 

No description of the engines erected by Mr. Deans, of Hexham, has been 
pubUshed. They are, however, simple and effident. The engine erected by him 
at Wanlockhead in Scotland in 1830 or 31, having the falUbob for working the 
valves, is one of the Urgest, and considered very efficient. 

But the water.pressure engine erected in 1842, at the Alport Mines, near Bakewell, 
in Derbyshire, and several otbers on nearly the same modd, are perhaps the most per- 
fect of this description of engine hitherto made. These engines have been constructed 
from the designs of Mr. Darlington, engineer of the Alport Mines, under Mr. Taylor, by 
the Butterly Iron Company. There is a beautifiü model of the first erected at Alport, 
in the Museum of Economic Geology,but no description of it has yet been published. 
Its arrangement — the construction of its parts — the valves and their gear— are each of 
them admirable and peculiar to this engine, though in its general features, it resem. 
bles the engines of Brundel, and Junker, and Jordan, which bave been described. — Tr. 
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CHAPTER VII. 



ON WIND-HILL8. 



§ 205. Wind-miüs. — ^The atmospheric currenta caused by a 
local expansion of the air by the sun's heat^ are a aource of 
mechanical effect^ as is the expansive foree of air heated arti- 
ficially. 

The machines^ reeipients of this wind-power^ are wind-milla, (Fr. 
rouea ä vent; Ger. Windräder). They aerve to convert a portion 
of the vis Viva of the mass of air in motion into usefui effect. As 
the direction of the wind is more or less horizontal^ wind-mills, 
or sail-wheels usually have the axis nearly horizontal, that is, they 
are themselves nearly vertical. 

Horizontal wind-mills, having concave buckets or sails, have 
been erected. The foree of the wind against a hoUow surface is 
greater than against a plane or a convex surface, and hence such 
a wheel revolves under very light winds, bat not advantageously 
for the production of mechanical effect. 

Remark, For some account of Beatson's horizonta] wind-milla, aee Nicholaon's 
" Pnctical Mechanic/* and Giegore's " Mechanic, vol. ii." 

§ 206. The advantage of aail-wheeh over any construction of 
buckel'Wheel, is that for the same weight, or in the same condi- 
tions generally, they produce a greater effect than these latter. 
We shall, therefore, in what follows, confine ourselves to the consi- 
deration of sail-wheels, of which the general arrangement is as 
follows. First, there is the axle of wood, or better, of iron. This 
shaft, or axle, is inclined at an angle of from 5 to 15 degrees to the 
horizon, in order that the wheels may hang free from the stracture 
on which they are placed, and also because the wind is supposed 
to blow at an inclination amounting to that number of degrees. This 
axle has a head, a neck, a spur-wheel, and a pivot. At the head 
are the amuf — ^the neck is the Journal, or principal point of support 
on which it revolves. The spur-wheel transmits the motion to 
the work to be done, and the pivot, at the low end of the axis. 
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takes up a certain amount of the weight and counter-pressure of 
the machine. The loss of effect arising from the friction of the 
axle on the pointd of support is considerable^ on aecount of the 
great weight and strain upon them, as also on aecount of the 
velocity with which it generally revolves, and hence every means 
must be taken to reduce it. On this aecount^ iron shafts and 
bearings are to be preferrcd to wooden ones^ as they may be made 
of much less diameter. The diameter of a wooden neck being l\ 
to 2 feet ; that of an iron one substituted^ need not be more than 
6 to 9 inches. The friction of wooden axles is also in itself greater 
than that of iron. 

§ 207. fVind-miU saih. — A wind-mill sail consists of the arm 
or wkip, of the cross-barß, and of the clothing, The whips are 
radial arms of any required length^ up to 40 or even 50 feet^ 
usually about 30 feet. The number of arms is generally four^ 
less frequently 5 or 6. For 80 feet in length^ these arms are 
made 1 foot thick by 9 inches broad at the shaft^ and 6 inches 
by 4i inches at the outer end. The mode of setting them in^ 
or fastening them to the shaft^ is various. When the axle is of 
wood^ the arms are put through two holeSj morticed at right 
angles to each other^ thus getting 4 arms. The arms are some- 
times made fast by screws to the shaft-head^ like the arms of a 
water-wheel, and we refer to our description of water-wheels for 
hints applicable to this subject. The bars are wooden cross-arms^ 
passing through the whip, which is morticed through at intervals 
of from 15 to 18 inches for the purpose^ at right angles to the 
leading side of the whip. According as the sail is to have a rect- 
angular or a trapezoidal form^ the bars are all of the same length, 
or they increase in length from the shaft outwards. The first bar 
is placed at -f of the length of the whip from the shaft^ and its 
length is = to this | to ^ of the length of the whip. The outer- 
most bar is made from ^ to f of the length of the whip. The whips 
are not generally made the centre line of the sails, but they divide 
them so that the part next the wind equals from ^ to ^ of the 
entire width of the sail. Therefore, the bars project much less 
from the one side than from the other. The narrower side is 
usually covered by the so called ivind-board, and on the wide side, 
the wind-door or a sail-cloth clothing is used. 

The sails are made plane, or surfaces of double-curvature, t. e., 
warped, or concave. The slightly hoUow surfaces of double-curva- 

23* 
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iure give the greatest e£fect, as we shall leam in the sequel. For 
plane sails^ the bars have all the same inclination of firom 12 to 18 
degrees to the plane of rotation. In the double-curvature sails, 
the first bars are set at 24^^ and the onter bars at 6^ from the 
plane of rotation^ and the inclinations of the intennediate bars 
form a transition between these two angles. To give the sails 
concavity^ the whips must be curved^ as also the bars. Although 
according to the theory of the wind's impulse^ this form gives 
an increased effect, the difficulty of ezecution renders it nearly 
inapplicable. The ends of the bars are connected or sträng to- 
gether by upUmga, and sometimes there are 3 of these nplongs on 
the driving and 2 on the leading side of the sail to strengthen 
the lattice on which the sail-cloth lies, on a series of firames of not 
more than 2 Square feet each. 

§ 208. Post-mills. — ^As the direction of the wind is variable, 
and the axis has to be in that direction, the support of the whed 
must have a motion on a vertical aids. 

According to the manner of effecting this rotation, wind-milk 
may be subdivided into two classes — the post-mill, (Fr. mauHn 
erdinaire; Oerm. Bockmühk), Figs. 312, and the smock-mill or 
tower-mill, (French, moulin Hollandaü ; German, Holländische, or 
Tkurtnmühle.) 

In the post-mill, the whole structure tums on a foot, or centre; 
and in the smock-mill, only the cap, with the gudgeon and pivot 
beanngs resting on it, tums. 

Fig. 312 is a general view of a post-miU. AA is the post or 
centre, BB and B^B^ are cross-bearers or sleepers, framed with 
struts C and D, to support the post. On the top of the framing 
there is a saddle E. The mill-house rests on two cross-beams 
FF, and on joists 6G, as also on the cross-beam H on the head of 
the post, which is fitted with a pivot to facilitate the tuming 
of the whole fabric. The axis tums in a plumber-block N, generally 
of metal, sometimes of stone (basalt), lying on the beam MM, 
supported on the framing 00. KP, KP, See. are the arms 
passing through the shaft and carrying 4 plane sails PP, &c 
The figure represents a grinding-mill, and hence the wheel tians- 
mitting the power, R, works into a pinion Q, driving the upper 
millstone S. In order to tum the whole house, a long Icver, 
strongly connected with the beams EF, projects 20 to 30 feet firom 
the back of it. This lever is loaded to counterbalancc the weight 
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of the sail-wheel^ &c. When the mill is set in the right direction, 
the lever FT, (cut off in the figore) is anchored and held fast, 
and generaUy there is a smaU moveable capstan for getting power 
to tum the miU-house, &c. 

§ 209. Smock-mUU. — Smock-mills are made in two different 
ways. Either the moveable cap encloses the wind-shaft alone, or 
a greater part of the mill-house, from the wind-shaft downwards^ 
turns on a vertical axis. The motion of the sail-wheel is trans- 
mitted by a pair of wheels to the king-post, that is, a strong ver- 
tical axis going through the whole height of the mill-hoose. In 
Order that the wheels may be in gear in every position of the 
wind-shaft, it is neeessary that the axis of the one shaft should 
intersect that of the other. 
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Fig. 313 represents the latter arrangement, which is, in fact, 
intermediate between the post-mill and the smock-milL AA is a 
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stationary tower or pyramid, raised above which ia the building 
containing the machinery^ in driving which the power is consumed. 
DD is the moveable top of the mill, supported by the wooden ring 
FFy and by the wooden ring GGy by means of the uprights EE 
and E^E^, and which only admita of rotation round these^ which 
are in fact the Substitute for the post in the post-mill. The mill- 
wheel is drawn round by a capstan Tiy attached to the lever H, 
framed by the stairs to the moveable part of the structure. The 
wind-shaft is of cast iron^ and rests at M and N in plumber- 
blocki»^ lined with brasses. O and P are iron toothed wheels^ for 
transmitting the motion of the wind-shaft to the upright^ or hing 
post PP. The wind-sails RS, RS. . . are warped surfaces : the 
arms are fastened by screws into the cast-iron socket piece R, 
attached by wedges to the head of the wind-shaft. 

The Upper part of a smock-mill^ properly so called^ is shewn 
in Fig. 314. AA is the upper part of the tower, or mill-house, 



Fio. 314. 




built of wood, or of masonry. BB is the moveable cap, CDE 
is the wind-shaft, JBJB the arms of the sails, strengthened by the 
ties GF, GF, supported by a king-post EG. K and L are beveUed 
gear for transmitting the power from the wind-shaft to the verti- 
cal-shaft. 
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The sails are sei to the wind^ sometimes by means of a lever^ as 

rio. 315. 




described in reference to the last-mentioned construetion 'of cap, 
but sometimes by means of a large wind-vane, the plane of which 
is in that of the axis of the wind-shaft^ but more generally by 
means of a small wind-mill 8. That the cap may revolve easily, 
it is placed on rollers c, c, c . . . connected together in a firame; 
and running between two rings^ one of which is laid on the 
summit of the tower, the other is attached to the ander aide of the 
cap. To prevent the cap from being raised up and displaced, 
there is an internal ring d, which has likewise firiction-rollers 
running on the internal surface of a a, When this method of 
adjustment is used^ the outer surface of aa is toothed, anda 
small pinion e working into it^ is moved by the auxiliary wind- 
mill, by means of the bevelled gear/and^, Fig. 315, andthuB 
the whole cap is made to revolve, until the aiuxiliary whed, and 
therefore the axis of the wind-shaft, is in the direction of the 
wind. 

§ 210. Regulation of the power, — As the wind varies in intcn- 
sity as well as in direction when the work to be done is a constant 
resistance, unless some means of regulating the power be s^phed, 
the motion of the machinery would not be uniform. One means 
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of absorbing any excess of power^ is a friction-strap applied to the 
outside of the wheel on the wind-shaft. Another means is to 
Vary the extent of sail^ or the quantity of clothing exposed. 
When the sails are quite spread out, the maximum power depends 
on the intensity of the wind^ and if this intensity be constant, 
the power may be varied by taking in more or less of the clothing 
of the sail. When the clothing is canvass^ the regiüation of power 
is easily managed by reefing more or less of it; and when the 
clothing consists of boarding^ the removal of one or more boards 
answers the same end. 

Self-adjusting wind-sails^ that is^ sails which extend their sur- 
face as the force of the wind decreases^ and contract it as this force 
increases^ have been snccessfully applied. The best wind-sails of 
this kind are those invented by Mr. Cubitt in 1817, and of which 
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Fig. 316 represents the section of a part. ^ is a hoUow wind- 
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shaft^ BC a rod passing through it^ CD a ratchet fastened to J3C, 
so that it does not turn with it, bat serves to move it in the 
direction of the axis. 

The ratchet works into a toothed-wheel E ; on the same axis as 
the pulley F, round which there passes a string with a weight 6. 
The sail clothing consists of a series of boards^ or sheet-iron 

FIG. 317. 
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doors bc, biCi, &c., moveabie by the arms ctc, a^Ci, &c., round the 
axes c, Cp &c. These arms are connected by the rods a e, a^Ci, 
&c., and by the levers or cranks^ de, rfi«i, with toothed- 
wheels d, d^, so that by the turning of the latter, the opeuing 
and closing, or in general the adjustment of the flaps or doors is 
possible. 

There are besides, levers BL, BL^, Fig. 317, revolving on 
centres K and K^, and attached at one end to the rod BC, and at 
the other to the ratchets LM and L^Af^, working into the small 
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wheels d and dy The drawing explains how the wind coming in 
the direetion fV, works backwards on the eounter-balance weight 
G, which is adjusted so that the aurface expoaed shall be that 
required to do the work regularly^ always supposing that for the 
majdmum surface that can be exposed^ there ia wind sufficient. 

Remark, Mr. Bywater ioTented a mode of furling and unfürling the clothing when 
it oonsbts of sail-doth. There are two roUera moved by toothed-wheels, and the 
action of these is, to cover more er less of the sail-frame, according to the foroe of 
the wind. This phm ia deacribed in detail in Barlow's <' Treatise on the Mann£iM;tures 
and Machinery, &c., &c." 

§ 211. Directum ofihe wind. — ^The direetion of the wind may 
be any of the 32 points of the compass^ but the indications are 
generaUy noted as one of the 8 following : N. N.E. E. S.E. S. 
S.W. W. N.W., f. e. north, north-eaat, east, south-east^ south, 
south-westj weat^ north-west, or naioing them according to the 
direetion from which they blow. In the course of the year 
the direetion of the wind is more or less frequently from each 
of all these directions; some winds blowing more frequently 
than others. From Kämtz's Meteorology we extract the following 
table of the winds that blow doring 1000 days in different 
countries. 



Country. 


N. 


N.E. 


E. 


S.E. 


S. 


S.W. 


w. 


N.W. 


Germany 
England 
Franoe 


84 

82 

126 


98 
111 
140 


119 
99 

84 


87 
81 
76 


97 
111 
117 


185 
225 
192 


198 
171 
155 


131 
120 
110 



We See from this that in the three countries named^ the south- 
west wind predominates, the passage of the wind from one diree- 
tion to anothcTj is usually in the course from S. S.W. W. &e., 
and seldom in the opposite course of S. S.E. E. &c. That is, the 
latter course is generally only taken through a small angle, and 
then retraced. 

The wind'Vane, or fane, (Fr. girouette, flouette ; Ger. Wind- 
or Wetterfahne), gives the direetion of the wind. To give it faci- 
lity of movement, the friction on its pivot or coUar must be as 
gmall as possible, and hence the blade or plane of the vane has to 
be balanced by a coimter-weight to bring the centre of gravity 
line to pass through the axis of rotation. (Whether the form 
resulting from this combination gave rise to the term weather^ 
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coek, {Vr.eoq ä veni; Ger. fFetterhakn), or whether ''aking- 
fisher haDging by the bill, convertiog the breast to that point of the 
horison from wbence the wind doth blow, be the introducing of 
wetUher-cocki" we cannot pretend to say. 

§ 212. Intenrity ofthe wind. — ^The miller is, however, depen- 
dent on the intensity of the wind, and not on its direction, fbr on 
the former the mechanical effect to be obtained from given wind- 
sails depends. 

Accordingly the velocity of the wind is 



Scarcely sensible for 




lift. 


, per second. 


Very gentle wind for 




3 


>f yy 


Gentle breese for 




6 


9i 9f 


Brisk breeze for 




18 


yy yy 


Good breeze for wind-mills 


22 


yy yy 


Brisk gale for 




30 


w ^> 


High wind for 




46 


>> yy 


Very high wind for 




60 


yy y* 


Storm for 


70to90 


>* yy 


Hurricane 




100 or more. 



A breeze of 10 feet per second is not in general sufficicnt to 
drive a loaded wind-sail, and if the velocity rises above 35 feet 
per second, the intensity becomes too much for the strength of 
the arms, unless the clothing be very close reefed, and stormy 
weather is dangerous even to " bare poles.'* 

Wind-gauges, or anemometers, are used for ascertaining the 
velocity of the wind. Many ancmometers have been proposed and 
adopted, but few of them are sufficiently convenient or trust- 
worthy in their indications. The ancmometers have great resem- 
blance to the hydrometers described in vol. i. § 876. The 
velocity of a carrent of air may be measured by noting the rate of 
progress of a body floating in it, as a feather, smoke, soap- 
bubbles, small air-balloons, &c. lins means will not suffioe in 
the case of high velocities, for the eddies that invariably accom- 
pany wind, disturb the progress of such bodies. 

Anemometers may be divided into three classes. Eith^ the 
velocity of the wind is deduced from that of a whed moved by it, 
or it is measured by the height of a column of fluid, counter- 
balancing the force of the wind, or the pressure on a given surface 
is determined. We sball give a succinct account of each of these 
methods. 
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Semtark. There ia a Terj oomplete treatise on anemometen in the ** AUgemeiiien 
MaachinenencjclopSdie, by Hülase." In the transactions of the British Association 
for 1846, there ia a report by Mr. J. Phillipe on anemometers, in which the essen, 
tial points to be aimed at in these instrumenta, and the merits of those of Whewell 
Osler, and Lind reapeetively, are discoased. The chapters on wind in Kämtz's 
" Meteorology," and in Gehler'a ** Wörterbuch," are Standards of reference on this 
snlject 

§ 213. Anemometers. — ^Woltmann's wheel may be used for 
ascertaining the velocity of the wind as conveniently as it ia for 
aacertaining the velocity of currenta of water. When ita axis of 
rotation ia aet in the direction of the wmd, which is ensored by 
meana of a vane set on the same vertical axia with it, the number 
of revolutions made in a given time may be observed, and from 
thia the velocity may be deduced, aa explained vol. i. § 878, by 
the fonnula v s= v^ + a«, in which v^ ia the velocity of the wind, 

for which the wheel begina to stop, and a ia the ratio ^ . If 

the impulse of the wind were of the aame nature as that of water, 
and if they both increaaed exactly aa the Squares of the relative 

velocities, then a= ^ would answer for wind and water, but 

u 

aa thia ia only nearly tme, we can only expect that the co-efficient 

a ia nearly the same for wind and water. As to the initial velocity 

Vq, this is, in the case of wind, about V800 = 28,3 times greater 

than for water, as the density of water is about 800 times greater 

than that of air, and thence a column of air 800 times as high as 

that of water, or the impact of a stream of ^800 = 28,3 times 

the velocity of the water. This high value of the constant Vq, 

makes it necesaary to construct the anemometer sails with great 

lightneas, and to have the axis of hard steel running on agate or 

other hard bearings, as for instance in Combe^s anemometer. The 

constanta Vq and u are generally determined by moving the instru- 

ment through air at rest ; but this method is objectionable, because 

the impact of a fluid in motion is not the same aa the resistance of 

a fluid at rest (vol. i. § 391). 

It is better on every account to deduce the constants from expe- 

rimenta on currents of air, deducing the low velocities by direct 

observations on light floating bodies. By placing the instrument in 

the main-pipe of a blowing-engine, the observations for calculating 

the constants might be made. The calculation of constants from 
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Fio. 318. 



1 

-M 



a series of cxperiments for which v and « are known, should be 
done aa shewn in vol. i. § 879. 

§ 214. Pitot's tube may also be very conveniently applied as an 
anemometer. This ia Lindas anemometer, and 
its arrangement is shewn in Fig. 318. AB 
and BE are two upright glass tubes -^V of an 
incb in diameter^ and filled with water, and 
BCD is a narrow bent connecting piece 
between the two, of only -^ inch diameter. 
FG is a acale by which to read off the height 
of the water. When the mouth A is tamed 
to the wind, its force presses down the colnmn 
in AB, and raises that in DE, and hence the 
difference of level between the two surfaces 
may be read on the scale h. From this the 
velocity of the wind may be calculated by the 
formula v = Vq-^ a ^h ; Vq and a being co-efficients deduced from 
experiments for eaeh instrument. 

The use of this instrument is very limited, as pressures which 
move the water to a difference of level of one twentieth of an inch 
can scarcely be noted accurately, but may be estimated to -^V or -yV* 
This gives 5 to 7 miles per hour as the limit of wind velocity 
really measurable. To obviate these disadvantages and render the 
instrument useful for moderate velocities, Robison and WoUaston 
introduced the following improvements. 

In Robison*s anemometer there is a narrow horizontal pipe HB, 

Fig. 319, between the 
mouth-piece A, and the 
upright pipe BC, and there 
is poured as much water 
into the instrument before 
using it as brings the sur- 
face F to the level of HB, 
and fiUing the small tube 
to H. When the mouth A 
is tumed to the wind, the 
watcr is driven back in the 
narrow tube, and a column 
FFj, counterbalancing the 
force of the wind, rises in the tube DE, but which is measure- 



FIG. 319. 
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able by the length of tube HH^, in which the water has been 
driven back. If d and i/, be the diameters^ and h and h^, the 
height of the columns FF^ and HH^, then 

-T- A = ^-^ Aj, and .-. h = l^\ Ä^, or h^ = l-jA A or A^ is 
always greater in the ratio (-7- ) than h, and can therefore be 

read with much greater accuracy than A. If -3- = ^9 then the in- 

dications in HH are 25 times greater than in FF. 

^^^ J20 A.gain, the differential anemometer of 

Wallaston^ shewn in Fig. 820^ may be 
used for ascertaining the velocity of the 
' wind. This instroment consists of two 
vessels B and C, and of a bent pipe 
DBF, which unites the two vessels by 
their bottoms. The one vessel is shut at 
top^ and ha9 a side orifice A, which is 
tumed to the wind. The instrument is 
fiUed with water and oil. The former fills the two legs to about 
\, and the oil fills them up^ and occupies part of each of the 
vessels. The force of the wind raises the water in one leg higher 
than it Stands in the other^ and the amount of this force is 
measured by the difiTerence of pressure between the water column 
FFy, and the oil column DD,. If A = the height of each of these 
columns^ and € = the s|)ecific gravity of the oil, we then have in 
the last formula A (1 — i), instead of h, and, therefore, 
V = Vq -^ a i/(l — e)~h. If, for example, the oil be linseed, 
£ = 0,94, 
v = Vo + a \/jr^9J)h = ro + a i/0,ü6 . A = r^ + 0,245 a i/Ä^ 

or A is ^^^ = 16§ times as high as in the case of the tubes being 
simply fUled with water. By mixing, or combining the water 
with alcohol, the density of the water may be brought even nearer 
to that of the oil, and therefore 1 — £ becomes still less, or the 
difference of level to be read, and therefore the accuracy of the 
reading, is increased. 

§ 215. Anemometers analogous to the stream-quadrant (vol. i. 
§ 381) have also been proposed and applied on the same principle, 
there being substituted a thin plate for the spherical ball used in 
gauging water-streams. But a very thin mctallic sphcre is cer- 
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tainly preferable to a thin plate, for then the force of the wind 
remains the aame for all inclinations of the rod to which it is 
attached, whereas it changea with the angle of indinatioii 
of the thin plate; whilst when a sphere is nsed, the fonnula 
V =^ }p \/tang. ß, (in which ß ia the deviation of the rod firom 
the vertical) is safficient. The application of a thin plate involTes 
a complicated expression for the calculation of the velocity. 

Lastly^ the velocity of the wind may be ascertained by the force 
with wUch it acta directly, on a plane surface oppoaed to it at 
right angles, and for this the instrumenta uaed are more or less 
aimilar to the hydrometer deacribed in vol. i. § 382. If the law 
of the impact of wind were accurately known, the velocity of the 
wind might be determined without further research by these 
means. But this is not the case, and the formulaa given in vol. i. 
§ 390, and the oo-efficient given in § 392, lead to only approxi- 
mate results. Retaining these, however, for the present, or 
patting the impulse of the wind 

or rendered in English measures, aa 

^ = 0,0155, P = 0,02888 i;* Fy, 

and if the density of the air y = 0,07974 Ib. per cubic foot, then 
P = 0,002299 or 0,0023 r» F, and •.• for 2 square feet of 
surface : 

P = 0,0028c«, .-.„ = ^^^^ = 20,86 v^Pfeet 



For Tdocitiet 

V -■ 


10 


15 


20 


25 


30 


35 


40 


45 


50 
feet 


The ünpolaiTe 

force of the 

wind on 1 

aquareft.- 


0»2455 


0,5524 


0,982 


1,534 


2,209 


3,007 


3,928 


4,971 


6,1375 

Ib. 



Admitting the above premises, the force of the wind on any 
surface at right angles to its direction may be easily calculated. 

§ 216. Force o/tvind.'-We shall now study more closely the 
eflfect of the impulse of wind on the sails of wind-mills. Let us, 
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FIG. 321. 




for this purpose^ conceive the wbolc sail-surface divided into an 

infinite number of normal planes 
on the axis of the sail or arm^ and 
snppose CD, Fig. 821, to be such 
an elementary plane. Owing to 
the considerable extent, and par- 
ticularly owing to the great length 
of a sail, we may assume that all 
the wind of the column pressing 
on the snrface CDj Coming in the 
direction AH, vnll be tumed off by 
the impact in direotions parallel to CD, aad, therefore, we may make 
use of the formulas in vol. i. § 888. If c = the velocity o^the sail, ^ 
Q the quantity of wind striking on CD per seeond, y = the density 
of the wind, and a = the angle CAH, which the direction of the 
wind makes with CD, then, on the assumption that the plane 
CD moves away in the direction of the wind, the normal impulse 

of the wind on CD, ib N = -^^ rin. a . Q y. 

9 

Putting the section CN ^ G, then the quantity of wind Q 
Coming into action, is not Gc, bat G {c — v), as the sail moving 
with the velocity v, leaves a «pace Gv behind it, which takes np a 
Proportion of the quantity of wind Gc following it, equal to Gr, 
wiihoat undergoing any change of direction. Hence, the normal 
impulse may be put 

r — r^ Gy=^ ^^~^^^ sin.aGy, 
9 

or, if F= the area of the dement CD, and we Substitute F sin. a 

for <?, then N^ (£ZZ!^ «n. a« Fy. 
9 

Besides this impulse on the face of CD, there is a counter 
action on the back, inasmuch as one part of wind passing in the 
directions CE and DF at the outside of the plane, takes an eddy- 
ing motion to fill up the space behind, and consequently loses 
pressure corresponding to the relative velocity (c — v) sin. a, and 



N = sin. a . (c — v) Gy 

ff 



rei 



presented by ^^ ^^ sin. a^ . Fy. If we combine the two 
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effectSy we get the nonnal impulae of the wind on the dement 
Fof thesail: 

g ^9 ^9 

§ 217. Bett angle of impube.— In the application <rf this 
Fio 322 formula to wind-mills, we havc to bear 

in mind that the wind-sail BC, ¥ig. 822, 
does not move away in the directioQ AR 
of the wind, but in a direction AP at 
right angles to it^ and hence in the for- 
mula iST = 8 . ^^~^^ sin. a* . Fy we 
2g 

have to Substitute for r, the velodty 
Av^ = t^i, with which the wind^sail moves 
in reference to the direction of the wind. 
If t; = the actoal velocity of rotation A v (Fig. 322), then 
Av^ =r t^i = r cotg. Av^v = t; cotg. a, and, therefore, for the case 
in question : 

JV=r 8 . ^^ n - ' ««• « Py> Or = 8 ^^ S-- Fy. 

2g Ag 

This nonnal impulse is to be decomposed into two others P 
and Ä, one acting m the direction of rotation, the other in the 
direction of the axis of the element of the sail ; then 

P = Neos, a = 3 ^^ ö ^ COS. a . Fy, and 

2g 

n xr • o (csifLa V COS. a)* . „ 

2g ^ 

By multiplying by the velocity of rotation r, we get from the 
formula for P, the mechanical effect of the wind-sail 

r ö o (c sin. a — V cos. a)* „ 

L=iPv = 3^ 5 i- f> COS. a . Fy. 

2g 

The parallel or axial force 12, gives no mechanical effect, bnt on 
the contrary increases the pressure on the pivot or footstep at the 
lower end of the wind-shaffc, and so gives rise to a hss of effect. 

The last formula indicates, and it is self-evident, that the effect 
increases with the velocity c, and with the area F; but it is not so 
evident from it, how the angle of impulse a, affects the mecha- 
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nical effect produced. That L may not be = 0^ c nn. a must be 

> r COS. a ; that is^ tang. a > — , and cos. a > 0, and therefore 

a < 90°. There must, therefore, be a value of a between the 

limits tang. a > — , and a < dOP, correq)onding to a maximum 

value ofZr. To find this value, let ils instead of a put a + a, 
X being a very small angle. Then we have m. (a + ^) = m'^- a 
COS. X j+^ C09. a sin. Xy or putting cos. or = 1, and sin. x being 
put = Xf sin. (o + ar) = sin. a + x cos. a, further : 
COS. (a + x) = cos. a cos. x~^ sin. a sin. x = cos. a "^ x sin. a, 
and these values give us as the effect : 



i = 



^9 



Fy(m. a COS. a j cos. a, 



ii = -^= — Fy{[sin.a+xcos.a — - {cos.a^xsin.a)y{cos.a^xsin.a)) 
^g c 

=-H— jPy ['»»•«^-* co5.a+(co«.a+- sin. a) xV (cos.a'Zi xsin. a) 
2g "- c — .c 

3 c^ t? — , , , f) 

= "o-— Fy {stn.a COS. aV cos. a 

^g c 

+ [2(«n.a— CM.a) (fios.a'\- - sin.a)cos.a'{sin.a'- cos. a)«m.a]a?-f), 
&c., &c., 

l 

ig 



= £jf -^-^Fy([2 («».a — -cos.ci) {cos.a-^- -m.a) cos. a 



— («». a COS. «)• «i«. a] a? + &c.) 

In Order that a may give the maximum value, L^ must be less 
than L, a being increased or diminished by x, that is, x being 
positive or negative. But the last formula gives in tÜe one case 
Li > L, and in the other < L, so long as the second member 

3 cv 

±_ TT— Fy [ ] a? is a real quantity. Therefore, for obtaining 

^g 

the maximum value, it is necessary that this second member 
should be 0, or, that 

2{sin.a=-cos.a) {cos.a-\--sin.a)cos.a — {sin.a C08.a)^8in.a=0, 

c c c 

24* 
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or 2 (cos. a -^ -sin. a) cos. a = {sin. a — - cos. a) sin. a, 
c c 

8» 

or sin. a* sin. a cos. a = 2 cos. a\ 

c 

Dividing by cos. a*, atid putting — '— = tanff, a, we havc 

COS. €m 
Q «. 

tang. a* tang. a ^ 2, 

c 

from which we deduce aa the angle for the maximiiTn effect : 



As in the wind-sails, the outer elementa of the sail have a 
greater velocity than those nearer the axis of rotation, it follows 
that the outer part of the sail should be set at a greater angle of 
impulse than the inner^ in order to insore a maximum effect. 
Hence the sails must not be plane surfaces, but '' surfaces gaueheSy'* 
or surfaces of double curvature, warped so that the outer part 
deviates less from the plane of the axis of rotation, than the 
inner part. 

Xemark.—The most advantageous angles of impulBe of a sail, may alM> be aaoer- 

tained bj tbe foDowing ocmstnic- 
"®- ^^- tion. Fig. 323, take CB - 1, aet 

otr CA B ^/2 at rig^t angles to H, 
ue, the diagonal of a aqnare on 
CB, and draw JB, The tm^. 
ABC^ v^2, and, therefore, 
/ ABC^ 54«, 44', 8^, whidi is 
the angle of kopolse doae vp to 
the axis of rotation. If in 

y — -~ — , we make c the Tdodty 
2c 

of the wind, and m the angnlar 

▼elocity, and for * macccmtn^, 

the distanoe of the sailbars from 

the wind-shafi axis, and set off 

these valnes of y from C oo CB aa 

CDj, CD^ CD^ &c Farther draw 

the hypothennses ^Di, ADf, AD^ 

&c., and prolong them, so that 

A^-CD„DA-CB|,i>A- 
CD„ &C. Lastly, laj off 
ABl, ^Äh AE^, in the direcüon AC9i A(\y AC^. AC^ &c., raise at C,, C^ C; Ac. 
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the peipendiculan CiBj, C^ C^b^, &c., « CS - 1, and draw ^Ä„ ABp AB,, 
&C., then AB^Cj, AS^C^ jjß^c^ &c., aie thc anglet required; tor 

§ 218. The mechanical e/te/.— The formula for the best angle 
of the sails may be used conversely to determine the best velocity 
of rotation for a giyen angle a« For this 

tang. a* tang. a = 2, 

c 

and^ therefore, very simply, 

• = (^^5!^ • T = C«^— "»"^- •' T- 

If we put this value in the formula for the mechanical effect, 
we have 

i=jr- Fy . —^ . ^ . [sin.a 5-7 cos. a ) cos. a 

2 g tang.a 8 \ 3 lang, a / 

. c» „ {fang, a*— 2) cos. a* ^ (? y. (3 ^w. a' — 2 ) 

= *'2^^^' m,a3 = *-2^^^- «n. a« ' 

The theoretical eflFect of a wind-saD, may hence bc calculated 
for any given velocity of wind, and of rotation. Prom a given 
numbcT of revolutions per minute, we have the angular velocity 



•# = gg = 0,1047 . tu If the whole length of whip be divided 

into 7 equal parts, and if, as usual, the sail begins at the lowest 
point of division, so that its total length = -f- /, we can very easily, 
by means of the formula 

ealculate the best angle of sail o^ a^ Oj^, &c., or for each of the 
points of division of the whip, by substituting successively 

/ 2/ 8^ . 7/ , 

^0- ** • y ' «'i = «^ • y> ^2 = « . y . . . . to rg = w . y or « /. 

If, further, b^, b^, b^...b^ be the width of sail to be put on each 
of these points, we can ealculate, by aid of Simpson^s rule, from 

/ 8Hn.a^' — 2 \ ^ { Ssin.a,^ — 2 \ ^ /Ssin.aj' — 2\, „ 



374 



THE HBCHANICAL EFFECT. 



a mean value ky and hence we arrive at the whole effect of the saQ 
L = -^ ky . ^ l . ö^ or more generally^ 2^ being the length of 

aail, properly so called^ L = f y * /^ 5- . 

If the sail were a plane surface^ that is^ if a were eonstant 
throughout its whole extent^ then by means of 

we shonld first calculate the corresponding values : 

Isin^a -cos.aj ^ cos. a . b^, (sin. a ^cos.aj -^cos.a.b^, 

&c,, and then from these^ by Simpson's nde, deduce the mean 
value kl, and introduce this into the formnla for the mechanical 

eflFect developed, L = 3 y *, . ^ . 5- . 

If n be the nnmber of sails, we have of conrse to multiply the 
last found value by this number^ to get the whole mechanical 

effect developed by the wind-sail wheel, or L = 8 ny A^ /j^ . 

EsampU 1. What angle of impnlse is required for a wind-sail wheel, the vdodty 
of the wind being 20 feet, the nmnber of sails 4, each being 24 feet in length, and 
6 to 9 feet in width? Nnmber of revolntions 16 per minnte. What wiU be the 
theoretical effect of this wind-mül ? 

In the first place the angnlar yelocity m » 0,1047 . 16 » 1,6755 feet, and if «he 
distance of the first sail-bar be 4 feet from the axis of the shMl, or the total kfigth 
of whip « 24 + 4 « 28 fieet, then for the 



Distances: 


4 


8 


12 


16 


20 


24 


.8 Feet 


The velocitiea : 


6,702 


13,404 


20,106 


26,808 


33,510 


40,212 


46,914 It 


The tangents of the anglea 
ä impulse : 


2,004 


2,740 


3,575 


4,469 


5,397 


6,347 


7.311 


The angles : 


630,29' 


690,57' 


740,22' 


77«,23' 


790,30' 


81S3' 


82013' 


TheTaluesof^«'»-«'-^: 


0,5612 


0,7810 


0,8759 


0,9220 


0,9472 


0,9622 


0,9716 


The width of sails: 


6,0 


6,5 


7,0 


7,5 


8,0 


8.5 


9,0 «eet 


The Product of the two 
last: 


3,367 


5,076 


6J31 


6,915 


7.578 


8,179 


8,744 
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And from the Uut prodnct the mean value : 

^ ^ 3^7 + 8,744 + 4 . (5,076 + 6.915 + 8,17 9 ) + 2 . (6,131 + 7,578) 

18 
^ 12,111 + 80,680 + 27,418 ^ 120,209 _ ^ g^^^ ^^.^^^ ^^^, 
18 18 

y » 0,07974 Ibs., f / - 24, and i! » 0,0155 x 20* - 124, 
then the effect of thia wheei : 

Ir «4 . f . 6,679 . 0,07974 . 24,124 - 11,874 . 1,91 . 124 = 2798 fect Ibs. 
= 5 hone power. 

Espttn^le 2. What effect may be ezpected from a wind-mill wheel, having four 
plane sails, and the angle of impulse 75*', the other dimensions and proportiona 
heing the same as those of the wheel in the last example. In this caae 



The Yelodties of ntio ^ : 
c 


0,3351 


0,6702 


1,0053 


1,3404 


1,6755 2,0106 


2,3457 


The differences 
















«Jn. a ~ ^ CO«, a: 
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0,8792 


0,7925 


0,7057 


0.6190 


0,5323 


0,4456 


0,3588 


Thewidth 4: 


6.0 


6,5 


7,0 


7,5 


8,0 


8,5 


9,0feet 


The producta 
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X ILeo8,a.bi 
e 


0,4023 


0,7081 


0,9071 


0,9967 


0,9830 


0,8783 


0,7034 



From the latter producta we dednce bj Simpson's rule, the mean value 
i^=^-^ [0,4023 + 0,7034 + 4 (0,7081 + 0,9969 + 0,8783) + 2 0,9071 +0,9830)] 

» -^ (1,1057 + 10,3324 + 3,7802) - l^zHlH » 0,8455, and from thia we have 

18 

the effect required Z » 4 . 3 . 0,8455 . 0,7974 . 24 . 124 » 2390 - 4,34 horse 
power, instead of 5 horse power found when the sails are warped. 

§ 219. Lo88 offriction. — ^A considerable part of the mechanical 
effect developed by the wind on the saUs^ is consumed by the 
friction of the wind-shaft at the neck^ especially if the diameter 
of this be great, as is not unfrequently the case. We may assume 
that the whole weight of the sail-wheel bears on the neck^ and 
thns leave out of consideration the pressure on the Iower or back 
bearing. Although we shall thus find an excess of firiction^ yet 
this is compensated by leaving out of consideration the friction 
arising on the back pivot from the force of the wind in the axial 
direction. As the back pivot is much less in diameter than the 
neck or front gudgeon, this simplification of the problem may be 
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the more readily admitted. This being aasamed, we have £rom 
the wdght G of the whole whed, F=fG = die friction, and if 
r= the radioB of the neck, and «kthe angolar yetocity, the 
mechanical effect conaomed : 

F«r=/G«r = 0,1047. ti/Gr=/G-j v, 

if t; be the vdocity at the periphery of the sail-wheel. 

Thia being allowed, Üie nsefiil eflfect of a wind-mill with 
plane Bails : 

and that of one with warped sails : 

From the fonnnh : 

r 3 (c sin. a SS V eos. a)' „ 

L = — ^ jr ^ V €09, a . Fy, 

for the theoretical effect] of an dement of a Bail, we may deduoe 
the influence of the velocity of the sail on the mechanical effect, 

and we find that for v cos. a =s — ^ — , (oompare vol. ii. § 118) 

o 

that is, for v =s — ^— > the effect is a maximum. If we intro- 
o 

duce this value into the above formula» we get 

and from this we deduce that the effect will be greatest when the 
angle a = 90^, or r = a> • These conditions cannot be folfilled^ 
because even for moderatdy great yelodties, the prejudicial resis- 
tances, and more particularly the friction at the neck, consnme 
so much mechanical effect, that the nsefol effect remaining is very 
small. The velocity of rotation should be great to insnre a good 
efficiency, bat it must in each case be made a special sabject of 
calcnlation> as to what number of revolutions will give the maxi- 
mum effect. This can only be done by calculating the effect for 
a series of velocities of rotation^ and firom these choosing the 
greatest, or deducing it by interpolation. 
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ßxmmpie. Sopposing the wind^thaft, laib, &e^ of the mfll In the last ezample 
weigfas 7500 Ibs., that the ndiua of the neck or g;ndgeon r i- i foot, that the co- 
eflident of friction/*- 0,1, than the mechanical effect lost by friction at the neck 
» 0,1 . 7500 . M r a 419 feet Iba. There remaina, therefore, in the wheel wHh 
warped lafla 2798 —419 >- 2590 feet Ibs., or abont 86 per cent of the theoretical 
eflfbct. When the shaft is of wood, the neck is double the above diameter, and hence 
the loss of effect by friction ii dooble» or the effidency ia only 0,70. 

§ 220. Experiments. — ^Experiments or observatdons on wind- 
mills^ of accuracy sufficient to test our theorj, are not eztant. 
There is no lack of general Statements of the resolts of the effects of 
different wind-mills^ but these are not of a noture to serve for 
jud^ng of the effidency of the machines referred to^ inasmuch 
as the velocity of the wind haa been either altogether undeter- 
mined^ or ascertained by instrnments not sufficiently tmstworthy. 
The experiments of Coulomb and Smeaton are still the most com- 
plete, there being in fact none of reccnt date. Conlomb made his 
experiments on one of the many wind-mills in the neighbonrhood 
of Lille, and from the circnmstance of the work done, being the 
pressing of oil by means of stampers, a kind of work, the mecha- 
nical effect consnmed in which is easily calcnlated, deductions from 
these experiments may be yery safely made. The foor sails of 
this miU were warped in the Dutch style, with the angle of 
impulse from 68}^ to 81^^, and each of them contained abont 
20 Square metres, or 215 Square feet. The experiments were 
made whcn the velocity of the wind was from 7 to 80 feet per 
second, the velocity at the periphery being from 28 to 70 feet, 
and the results correspond, according to Coriolia, {aee ** Calcul de 
Feffet des Machines), with those of the theory above given. 
It is besides easy to perceive, that for the better construction, 

8 Mit Ä* — 2 

when warped sails are used, the mean value of i — -^ — ^ can- 

s%n» Or 

not Vary very much from that which is deduced by calculation in 
the first example § 218, viz. = 0,880. If now we introduce this 
into the general formula, we obtain the following very simple 
expression for the effect of a wind-mill : 

L = f . 0,88 . 0,7974 . nFj- = 0,000482« Fe» ft. Ibs. 

The mean of Coulomb's observations, gives 

L = 0,026 n Fe* kilogrammetres, or 
Z, = 0,000611 n Fe' ft. Ibs. 
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or a near approziination to the theoretical determination. We 
may with safety assume 

L = 0,00048 nFe feet Ibs. 
This formula only gives satisfactory results, however, when the 
velocity at the extremity of the sails is abont 2^ times that of 
the wind, as indicated by theory to be the best velocity. 

Exan^» Snppose a wind-mi]! of 4 hone power, when the velocity of the wind it 
16 feet per secoDd 11 reqnired. What sail gmface mostithaTe? Aocordmg to the 

Urtf<™ul.,»#'-_^L|^-i^-1030«iu«f.e^ «»ti.. fers 

saQs each, 206 sqnare feet. If li the length » 5 times the mean hreadth d, theo 
5 »* » 206 .-. » » vT! » 6iLft., ind the leng^th ^ » 31f feet. 

§ 221. Smeaton's maxims. — ^The great Engliah civil-engineo', 
John Smeaton, instituted a very complete enquiry into the power 
of wind, and made a series of ezperiments, the results of which 
are given in the following table. 

The experimental wheel had whips 21 inehes long, the sails 
being 18 inehes long, and 5,6 inehes broad. This whed was not 
moved by the impnlse of wind, but was moved round in air at 
rest, whence it was the resistance of the air, and not its impulse 
which was obsenred — a circumstance taking considerably firom the 
value of the experiments. The motion of the sails against the 
wind, was given by means of an npright shaft, from which pro- 
jected an arm 5^ feet long, at the end of which was a eeat for the 
model mill-wheel. This upright shaft was set in motion by the 
observer having a cord wound round it like the peg of a top« 
To measure the resistance of the atr, supposed here to be iden- 
tical with the impulse of wind of the same velocity, there was a 
Scale with weights, attached by a fine cord to the shaft of the wind- 
wheel, and this was wound up by the power communicated to the 
sails. The results of these experiments correspond weU quaUta" 
tively with our theory. They show to demonstration that the 
warped sail gives the best effect, and that the angles of impulse 
deduced by theory are actually the best. In the example to 
§ 218, we found the angles for 7 bars, starting firom next the axle, 
tobe: 68^29'; 690 57'; 74^22'; 77023'; 790 30'; 8P ^ and 
82° 13', and Smeaton found the following 6 angles to be the best, 
oratleast very good, 72«; 71°; 72°; 74«; 771«; 83«; or very 
üttle düFerent fi'om the theory. 

Smeaton remarks too, that a deviation of 2 degrees in the angle 
of impulse, has no sensible influence on the mechanical effect 
produced by the wheeL 
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Smeaton draws the foUowing maximt firom his experiments, 
made at ydocities varying from 4} to 8| feet per seoond. 

1. The Yclocity of the windmill sails, whether nnloeded ar 
loaded, bo as to produce a mazimain^ ia nearly aa the velocity €xf 
the wind^ their ahape and motion being the same. 

2. The load at the maziiniiin ia nearly^ but Bomewhat lesa than, 
aa the Square of the yelocity of the wind^ the shape and pcaition 
of the sailB being the same. 

8. The effects of the same sailfl at a maTirnnwi are nearly^ but 
Bomewhat ksB ihan, as the cubes of the vdocity of the wind. 

4. The load of the same saik at the maximum is nearly as the 
Squares^ and ^their effecta as the enbes of their nnmber of tuma in 
a giyen time. 

6. When the aails are loaded so as to produce a maximum at a 
giyen vdocity^ and the yelocity of the wind increases the load con- 
taining the same : first, the increase of effect^ when the inciease of 
the vdocity of the wind ia amallerj will be nearly as the squarea 
of those vdocities; secondly^ when the vdocity of the wind is 
double^ the effecta wiU be nearly aa 10 to 27^ ; but thirdly^ when 
the velocities compared are more than double of that where the 
given load produces a maximum, the effects increase nearly in a 
simple ratio of the vdodty of the wind. 

6. If sails are of a similar figure and position, the number of 
tums in a given time wül be reciprocally as the radiua or length 
of the sail. 

7. The load at a maximum that sails of a similar figure and 
Position will overoome^ at a given distance from the oentre of 
motion, will be as the cube of the radius. 

8. The effect of sails of similar figure and position are as the 
Square of the radius. 

9. The vdodty of the extremity of Dutch sails, as well as of the 
enlarged sails, in all their usual positions when unloaded^ or even 
loaded to a maximum, are considerably quicker than the vdodty 
of the wind. 

Acoording to these experiments, the effect of the wind on wind- 
mill sails is greater than theory indicates, or than Coulomb'a 
experiments gave. 

LUeraiure. The mott oomplete exposition of the theory of «ind-mOls is giren 
in Weisbach's " Berg;maschinen Mechanik, vol. n." tnd in Coriolis's '< Trait^ da 
Calcnl ^ reffet des Machines." Smeaton's experiments are recorded in the *' Phüo- 
Bophical Transactions, 1759 to 1776." They were collected into a separate Tolnme, 
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and pQiUbbed undar the tiüe ** An «qperinwntal Enqniry eonoenung the natural 
powen of Water and Wind to tum Hüls and other Machmei depending on a dren- 
lar motion." Thate papen were tnnilated into Firencli hj Qimd, in 1827. Theie 
an extiacts from them in Barlow's <*Treati8e on the MannfiMtares, ftc" In 
Kicholfon's ** Operative Mechanic," Brewiter*!, Fergnson'i, fte., &e. Coidoinb's 
experiments are given in his oft-qooted work '* Thtoie des Maehinea nmplea.'' 
Maziotte wrote upon the impalae of wind in hia " Hydroatatica.'' He makes the 

impobe P — 1,73 —• Fy. 
2g 

Borda, in the «^ M^moirai de l'AeadAnie de Pazia, 1763/' hai a paper ; Ronte, 

Hutton, Woltmann, have all handled ihia rabjeet. The two latter anthon, Und P 

mach tmaUer than Mariotte did, beeame they meaanred the rttkimtee, not the 

tmpnAfof the wind. The oo-eflkäent C — 4, aa finmd hy Woltmami, ia too tmall, or 

P'm^^Fy]» eertainly ioo fittle, for he did not obtain the etmgianU ibr his wind- 

aaü wheel hy direct experiment, (ait ** Theorie und Gehraneh des Hydrometrischen 
flfigelfl, Hamhorg, 1790"). Hutton dednoes from his experiments, that it is more 
aocunte to consider the Impulse and resistance of the air as inoeasing as F^\ (ait 
•' Philosophical and Mathematical Dictbnary, voL ii." If we assume t - 1,86 for 
a smaU suiftoe of 1 Square foot, then for a seil of 200 square feet surfaee, we should 
haye Z » 200^^ . 1,86 - 1,7 . 1,S6 - 3,162, which agreea weU wHh the theoretical 

deteimination, and with what we have seid above, where C » 3 and ^ "■ 3 . <=- F^*. 

In Poneelet's '* Introduetion li la M^canique mduatrielle," there is an adminble 
ooUection and discnssion of the experiments on Impulse and resistance of wind. 
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ON THE SUBJBCT OP THE KIOIDITT OF CORDAOE. 

The following is a more eorrect view of the theory^ as dedocible 
from the experiments : — 

Amontona, tnd, after him^ Coulomb^ experimented on the rigidity 
of hemp ropes and ocnrda: and Weisbach, adopting Conlomb's 
method, haB reoently experimented on the rigidity of hemp and 
wire lope, such as are med in the drawing-shafts of mines. 

Coulomb deduced from his experiments, that the law of this 
remtance to tamding may be repreaented by a formnk compoeed 
of two terms; the one, a constantfor each drum or pulley, which 
we may deaignate by a, and which the distinguished experimenter 
termed ^'naiwral rigidity/' because it depends on the mode of 
manufacture of the rope, and on the degree of twist given to 
the threads and Strands ; the other, proportional to the tension T 
on the rope, and expressed by the product ßT, in which ß is 
a constant for any rope or drum. Thus the resistance to winding, 
R=a+ßT. 

Coulomb also deduced from his experiments that the resistance 

to winding varies inversefy as the diameter d qf the dnan or 

ST 
puUey; so that, 22 = a + ^ • 

Naviet, in using CoulomVs experiments to construct a formula, 
assumed that the co-efficients, a and ß, are proportional to a 
oertain power of the diameter, depending on^the state of wewr of 
the rope; but this assumption is not true. For it would lead 
to this, that a wem rope of 1 ft. diameter has the same rigidity as 
a new one, which is evidently not true: and besides, the comparison 
of the yalues of a and ß prove that the power to which the 
diameter has to be raised cannot be the same for the two terms of 
the resistance. 
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Coulomb's experiments, however, shew that the rigidUy is 
propartumal to the numier n qfthreadi in the rape, for ropes of a 
giyen manufaeture. 

For new white ropes, the formula : 

fi = n [.0002 + .000171 n + .O00248 Q] Ibs. 
for droniB or pulleys of 1 foot in diameter^ and 

Ä = J [.0002 + .000171 n+. 000248 Q] Ibs. 

for a drum of diameter d in feet, aceords well with experiments.* 

For tarred ropes: /{=^ [.001 + .000282 n + . 00028 Q} Ibs. 

Whenoe it appears that tarred ropes are rather more rigid than 
white ropes. 

Weisbach has deduced from his experiments on wire rope^ (4 
wires round a core in eaeh Strand, and 4 Strands round a core 
in the rope), weighing 8 Ibs. to the fathom, the formnla : 

R = 0,72+0,0262^ Ibs., 

in which Q ia the stndn on the rope in ewts. and d the diameter 
of the pulley. Whereas, for the hemp ropes, fit for the eame ueee, 

or of the same strength, R = 8,02 + 0,086 -r : or the rigidity 

is considerably ffreater. 

Wire ropes, newly tarred or greased, have about 40 p. ct. less 
rigidity than untarred ropes^t 

* For the complete dUciusion of this subject, «ee Morin, " Lefons de M^caiiique 
pratique," Ure partie. 

t Weisbach's paper on tbis subject is contained in the fini nnmber of a Journal . 
published at Freyberg» under the title ** Der Ingenieur Zeitschrift für das geaammte 
Ingenieurwesen/* 1846. 
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MISCBLLANBOÜS NOTES ON THB 8UBJECT OP THE STRENGTH 
OP MATERIALS,* 

The strength of Rn Engineer's work depends upon its propar- 
tiom, the materiah of which it is oomposed, Rnd tlie nuamer oj 
putting them together. 

As to stsbility, r structure mRy yield^ under the pressures to 
which it is subjected, either by the sUpping of ceriam of its «ur- 
fa^i of eontaci ypon one anoiher, or by their tuminff over ^ipon 
the edge» qfone another. The former esse very rarely occurs. 

The strength qfmaierials depends npon their physicRl Constitu- 
tion, vis. : form, texiure, hardness, elasiicUy, and ductüity.f The 
resistRnoe of mRterisk in buildings is tested in reference to TRrious 
strsins— compression— extension — detnision — deflexion nnder r 
eross stndn, snd firRctore under r cross strsin. 

A. Compression. — In prisrnstic pieces of stone, wood, or cast 
iron, which Rbsolutely crush under r strsin, the strength is directbf 
proportional to the transverse area ofthepiece. 

Pieces exposed to compression sre not fedrly crushed, but in 
some mcRsure broken scross, where their height is to their difimeter 
or lesst iRtend dimension in the CRse of, 

Stone, more thsn rs 6 to 1 f 
Wood, „ „4 toi 

CRst iron, „ „ 8^ to 1 
Wrought iron, „ 2^ to 1 

* Piofeaaor Weisbach has treated thia subject as it is usually giTen in elementary 
works on mechanics. Ezoepting as exhibiting approzimately the laws of the phe- 
Bomena, the '' theory of the strength of the materials" has many practical defects. 
These I shaU not here ennmerate ; but I haTe put together, in as oonciae a form as 
possible, what I oonsider to be the most yaluable part of our present knowledge oo 
this subject to engineers or azchitects engaged in the ezecution of works. 
t See, on this subject» Ponoelet's « M^canique Industrielle.*' 
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The manner in which materials yidd ander a cruahmg strain is 
very remarkable, aa is exhibited by the experiments of Bondelet, 
Vicat, and E. Hodgkinson, the latter of whom has found, that the 
plane of rupture ia alwaya inclined at the Barne angle to the base 
of the colomn, when its height ia within thelimits above-mentioned. 
The angle of raptxire depends npon Üie natuse of the material. 
In caat iron^ for instance^ it variea from 48^ to 58^ in different 
makes of iron^ though eonfined to narrow limita for different 
priams of the same make. — See " Report British Association/' 
1836, and Moseley's ''Engineering/' p. 550. 



TABLE OF THE RESISTANCE OF MATERIAXS TO CRVSHINO. 



Onmite, Scotch 

„ Coniwall . 

Sandstone, Dundee 

„ Derby 

Marble (white) . 

limettone (Poiiland) 

Stombridge blick 

T>^, r unieuoiied 
ueti ^j 



Beech j 



Ibt. per iq. inch. 


Ib«. per iq. incb. 


. 10804 to 8184 


^'^ l»CMOiied , 10000 


. 6292 


. 6490 


MahogftDy . . 8198 


. 3110 


T.r^k J«n«eaM)nea . 3200 
^«*» Iseaioiied . 5568 


. 9583 


. 6550 


D^»i.* fniweasoned . 3100 
^^'P'" laeMoned . 5100 


. 1695 


. 6780 




. 7290 




. 7730 


WcoughtiroD . 56000? 


. 9360 





seaioned 

The effeot of seasomng or drying timber, in increasing its 
strength, is never to be lost sight of. In wrought iron, a strain 
of 28000 Ibs. reduces the length, and causes a slight lateral 
bnlging, corresponding to the slight reduction in length; that 
ia to say, for a compressive strain of about -}ths of the absolute 
cmshing-strain, wrought iron is quite ** er^kd.'' 

Stirling's process of tofughening cast iron, consists in adding to 
it proportions of malleable scrap, varying according to the nature 
of the cast iron in its normal state. 
Scotch bot blast, No. 1, will take 28 to 30 Ibs. of scrap per cent. 
Ditto „ No. 2, „ 20 „ „ 

Welsh snd Staffordshire hot or cdd blast iron require a less 
addition of scrap. 

This process increases the strength of all cast irons, from 50 to 
80 per Cent. 

The strength of pieces, such as pillars, that break across, but are 
not crushed under compression, may be caiculated by the foüowing 
formulas, asfound by Mr. Hodgkinson's '^ Experimental Besearches 
on the Strength of Pillars/' published in the* Phil. Trans. 184Q, 
and in his edition of "Tredgold, on Cast Iron/^ published 1846. 

TOI«. IL 25 
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ForttoM: A»^? Fortimber: 6» 

For ctit inm. Solid pUlar, round ends b » 

,, fUt endf b » 




The iengtk 1 bemg not Uu tkan 30 d. 

HoUow pillin, lound endt 6 « a ^-^ . 

Tke iemgikl hemg not ies» tkmn 15 d. 

„ Amt endt *-« j^-^ 

Tke Iengtk 1 Mng not Um tkmn 30 d. 

Wronght iron, lOund endt b — — -j — . 

„ Hat endt 6 >■ — -j— . 

FTA«» tke Iengtk ie/rom 30 /o 90 time» tke diameter. 

The laws indicated by the formulas do not hold good for shorter 
columns. 

TABLE OF THB VALUBS OF ü, {D and d being in inches, / in feet, 
and the result b being the cruthing-weighi in Ibs. 



Granite 




flat ends 


25000? 


Sandstone 




• • • 


15000? 


Marble 




• ■ • 


24000? 


Dantzic oak 




• • • 


24542 


Reddeal . 




• • • 


17511 


Gast iron solid 


pillai 


', flat ends 


98922 


f> 99 




round enda . 


83379 


HoUow pillars. 


, 


flat ends 


99318 


99 


, 


round ends . 


29074 


Wrought iron 


, 


flat ends 


299617 


99 


, 


round ends . 


95844 



The numbers here given are co-efficients, and have no meaning^ 
apart from the special position they occupy in the formulas. 

In all pillars of cast, whose length is thirty times the diameter 
or upwards^ the strength of those with flat ends seems to be three 
times as great as the strength of those of the same dimensions 
with rounded ends : when / is less than 30 d, the ratio of the 
strength of pillars of the same dimensions with flat and with 
rounded ends, is vefy variable. 

When pillars are reduced in length below the proportion above 
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indicated^ there is BfaUing off of their strength^ nearly inpropor- 

Hon to the reduction in the length ofthepUlar; and this obviously 

must be the case, as the strength to resist flexure, under a 

compressive strain, increases as the fourth power of the diameter^ 

whilst the resistance to cnuhing increases only as the Square of 

the diameter. 

For pillars of less length than 15 times their diameter, there is 

a falling off in the resistance, on aecount of the change produced 

in the position of the molecules of the material by the great 

weight necessary to break them : Mr« Hodgkinson has, however, 

given a formula which includes this case, and by which the 

strength of the pillars, howeyer short, may be deduoed from 

the results of the formnias for long columns, when the crushing 

b c 
strenffth of the material is known. The formula is y = ,3 

in which b is the strength of the pillar, as calculated by the rules 
for long pillars, and e the crushing-weight of the material, and 
y = the strength of the short pillar. 

In nmilar pillars, the strength is nearly as the square (1,865 
power) of the diameter, or of any other lineal dimension ; and as 
the area of the section is as the square of the diameter, the 
strength is nearly as the area of the transverse seetion. 

The strength of pillars not less than 80 times their diameter : 
that of Gast iron with rounded ends being set = 1000 
Wrought iron . . is = 1745 

Gast Steel = 2518 

Dantzic oak, square ends . . = 108,^ 
Reddeal = 78,5 

In all long pillars, whose ends are firmly fixed, the power to 
resist breaking is equal to that of pillars of the same diameter and 
half the length, with the ends rounded or tumed, so that the 
strain runs through the axis. 

B. Extension. — ^When a tensile strain passes up the centre of a 
piece of stone, wood, or metal, the resistance is proportional to 
the transverse area of the piece. 

TABLE OP THE RESISTANCE OP MATERIALS TO RUPTXJRE BY 
TENSILE STRAIN. 

Stone. Portland . . 857 Ibs. per sq. inch. 

Fine sandstone . . 215 
Brick . . . . 275 to 300 

25* 
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01aS8 

Hydraulic linie, best 
Oood 

Mean quality 
Common lime 
Timber. Deal 
Beech 
Oak 

Mahogany 
Larch 
Poplar 
Gast iron (Hodgkinson) 
„ (Rennie) 
„ (Cubitt) 
„ Stirling's tougbened 
WjTought iron bai» 

Wire (hard) • 
Wire (annealed), 
Platea 
Bras8 wire (hard) 

Annealed 
Gun metal (hard) 
Copper rolled 

„ cast 
Ropea. Hemp . 

Wire, (Newall and Co.) 



. 8565 Ibs. per sq. inch. 

• 168 
. 142 

100 
48 
. 12857 to 1154S 
. 17850 

. 9198 to 12780 
. 16500 
. 9700 to 10220 

• 7200 

. 13505 to 17136 
. 19200 
. 27778? 
. 28000 

. 65520 to 56000 
. 128000 to 65360 

half the strength of hard. 
. 52100 

. 98960 to 63000 
. 49000 
. 36368 
. 35000 
. 19200 
. 1 ton per Ib. weight 

per fathom. 
2 tons per Ib. weight 

per fathom. 



In reference to the above table, it may be stated that it contains 
numbers whieh are the mean values of the tensile strain, as deduced 
after a careful weeding of the expenmental results that haye 
hitherto been published. 

In reference to cast iron, the first or lower numbers are the 
results of Mr. Hodgkinson's experiments — ^the higher nnmber is 
the result of numerous experiments made for Mr. Thomas Cubitt 
by Mr. Dines.* This difference is chielly of importance in respect 
of there being a discrepancy so wide, between results stated by two 
careful experimenters. In reference to the experiments on Mr. 



* &*• Mr. Henry Law's edition of Gregory'« 
page 375. 
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Morries Stirling^s toughened iron, I have to state^ that they were 
made by the same direct means as were all Mr. Hodgkinson's ex- 
periments. The tensile strain of cast iron is seldom brought directly 
into action : and the part it plays in the resistance to cross strains 
is evidently not that for which the direct strength shewn by Mr. 
Cubitt's experiments can be attributed to it. 

The elongation of wrought iron^ ander a given tensile strain^ 
niay be judged of from the foUowing experiment. 



Load per sqoare, in prodndng an 
elongation of 


Load per 
«quaieincb, 
prodncing 

fractnre. 


Total elonga- 
tion divided 


rfir 


T+5 


■^ 


A 


by original 
length. 


Ibs. 
34700 


Ibs. 
40980 


Ibs. 
46124 


Ibs. 
52122 


Ibs. 
56834 


Ibs. 
.086 



According to Yicat^ the elongation of iron wire for a load of 
1428 Ibs. per square inch^ or -^ ^^^ breaking strain^ amoonts to 
0,000057. 

Mr. E. Hodgkinson's experiments have proved, in like manner, 
that no material is so elastic as to recover itself perfectly from 
even yery small loads allowed to act for a considerable time, and 
the defect of elasticity is nearly as the square of the weight 
applied. 

The modulus or co-effident of elasticity, is a term first suggested 
by Dr. Thomas Young, to denote the measure of the elastic 
reaction, or the energy of the resistance of any substance, and is 

p 

represented thus: E = — j-r. 

Where E is the co-efficient of elasticity, P the weight in 

pounds, prodadng the proportional elongation i f =y where 

/ = the elongation, and L the original length) in a bar with 
a base of sectional area A. 

E A 

Rigidity is expressed by the ratio —=-. 

Thus, the elastic resistance of a prism of any material, is really 
only the rigidity referred to the unit of length of the prism. 
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TABLE OF DATA CONNECTED WITH THE ELASTIC RESISTANCE OF 

MATERIALS. 



Name of materiaL 




'S«? 



Oak 

Yellöw pine 

Red pine 

Larch . 

Beech . 

Bar iron, ordinary qoality 
», Swedish hammcred 
„ English rolled 

Wire, No. 9» unannealed 
„ „ annealed .. 

Steel plates, tempered blue 

Steel wire oif commerce . 

Gast iroD 



selected 



2856 

3332 

4498 

2470 

33&5 

17,600 

24,400 

18,850 

47,532 

36,300 

93,720 

35,700 



0.00167 
0.00117 
0.00210 
0.00192 
0.00242 
0.00062 
0.00093 
0.U0072 
0.00165 
0.00129 
0.00222 
0.00120 



0.23 
0.33 
0.44 
0.30 
0.30 
030 
0.44 
037 
0.49 
0.58 
0.67 
0.50 



Iba. 

1,713600 

1,856400 

2,142000 

1,285200 

1385160 

28,400000 

29365000 

29,465000 

28,825000 

28,081000 

42,600000 

29,500000 

17,000000 

to 
13,000000 

Ncyn.-— By '' Limit of Elasticity/' is meant tbe Bmits witbin ifUch displacement 
of the parts of Materials under Btrain may be called into pUy witbout perwummi 
palpabk defrmngemeni or erippUng, 

C, Detrusion is the resistance that the coherence of the 
particles of materials opposes to their sliding on eaeh other^ under 
a detrosive strain. 

The resistance to detrusion, or the '^ force necessary to »hear 
across'^ any material^ is called into play at the joints, and in the 
bolts of frunings of timber and iron. 

The resistance of deal to detrusion in the direction of fibre is 
692 Ibs. per square inch. 

The resistance of cast iron to detrusion is about 73000 Ibs. per 
Square inch, as deduced from ezperiments on crushing. 

The resistance of wrought iron to detrusion, or to a force 
'^ shearing it across^' is 45000 to 50000 Ibs. per square inch, or 
Crom 70 to 80 per cent of the resistance to a direct tensile 
strain. 

D, Deflexian. — When a beam is deflected by a cross strain, the 
side of the beam which is bounded by the concave surface is 
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compregsed, and that bounded by the convex surface is ewtended. 
The surface at which eztension tenninates and compression begins, 
is termed the neutral surface. 

The property of elasücity^ inherent in aU substances in a 
greater or less degree, causes them to resume their original form^ 
very nearly, when under forces of compression^ extension^ or 
deflexion, they have undergone a limited change of form. Up to 
this limit, the amounts of extension and compression for a given 
cross strain are nearly equal^ and, therefore, the neutral surface 
lies very nearly, if not accurately, in the centre of gravity of the 
cross section of the beam. 

Beyond this limit the position of the neutral surface changes, as 
the äexure increases, because in stone and cast iron at least, the 
resistance to compression is greater than the resistance to ex- 
tension, whilst the amount of deformation,. under the compressive 
strain, is less than under an equal tensile strain. In wrought iron, 
as it possesses great ductUity, this limit occurs much later than in 
cast iron. In timber, the resistance to extension is greater than 
that to compression, and its want of homogeneity renders the 
limit alluded to very variable. 

The general law of deflexion is, that it increases, eateris paribw, 
directly as the cube of the length of the piece, and inyersely as 
the breadth and cube of the depth. {See Text.)* 

E. Fracture. — ^The theory of deflexion, which gives the dis- 
placements of the parts of beams before the conditions even of 
cripplingy has few practical applications ; while equations for the 
resistance to fracture, which is what is essential in practice to be 
known, are more simply established. 

The hypothesis for the theory of resistance of materials to 
firacture or rupture, propounded by Galileo, consists in placing 
the horizontal axis of equilibrium at the lowest point of the 
section of rupture, or in supposing the material incompressible ; 
and he considered the internal force develqped at eachpaint ofthe 
section as constantfor every point. 

The hypothesis commonly attributed to Mariotte and Leib- 
nitz, consists in like manner in placing the horizontal axis of 
equilibrium at the lowest point of the section, and in supposing 

* For the most complete development of this tuhject, the student is referred to 
Mr Mosele/s work, '' Engineering and Architecture/' Part V. 
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the internal foroe developed at each point proportional io the 
iistance of that pmt firom the iuris of eqvilibriym. 

The hypotheais now generaUy adopted, consists in admitting 
that the Eesistance of each point, at the instant rupture is going 
to take place, continnes pröportumal ta the extension and eom^ 
pression, and, therefore, that the axU of eqtdlibrium, or neutral 
svrfitce, ha» the eame position as in the caee of a very mnall 
deflexion. 

Experiments have proved that none of these hypotheses is tme, 
and that according to the physical Constitution of the material, 
the formula deduced from the one or the other may be taken as 
repreaenting experiments. Experiments on cast iron are best 
represented by the deduction from Ghdileo's hypothesis ; those on 
stone, by Mariotte'S), and those on timber and wrought iron, by 
the modern hypotheais, announced by Hooke and first developed 
by Dr. T. Young. 

The formula commonly employed for reduidng experiments, 
or for calcnlating dimensions by aid of experiments, on beams 
of uniform rectangular aection, fixed at one end and loaded at the 

other,i8 W^f^. 
n l 

On Oalileo'a hypotheais . . ^ ^ . . n = 2 

On Leibnits and Mariotte's . . . *^ . n = 3 

On Yonng's hypothesis n = 6 

The mean of experiments giyes for cast iron n = 2.63 

„. „ stone . . . • fi ^ 3 

„. „ wrought iron and wood n =? 6 7 

To answer the imperfection of the theory, however,/^ is sub- 
etituted for/; or for the resistance to a direct tensile or com- 
pressive strain there is- substituted a co-efficient of the composite 
resistance to fracture,. under a croas strain.. 

The most couTenient general formula in use for calcnlating 

the resiatance to fracture under a cross strain ia W = ^^ — . 

Ic^ 

Where ^ = the breaking weight,. / = the moment of inertia 
of the cross section of the beam, round an axis paaeing 
througk its centre of gravity, c^ the distance of the neutraf 
Burface,. from» the side at which the material gi^es way ; and / the 
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length. The beam is supposed fixed in the circumstances above 
mentioned. 

For a beam snpported at eacb end, and loaded in the middle^ 

thifl beoomes W = -s^ — , and for beams of triangulär section : 



W=i 



l 



For a beam snpported at each end, if the load be uniformly 



distribnted over it, we have TV = ^ ^ , and for beams of reo« 



4 b d^ 
tangular section, fV= ^/^ — j-, 

If the weight of the beam G be taken into account, the above 

formul» become respectively W-^- i G= -^ — , and W^+ G= — =^ — • 

For the forma of transyerse section commonly met with in 
practice, the values of / in terms of the breadth h, and depth d, 
of the beam, are as follows : 






r^^ir(r*-r^. 



1. Rectangular section. 

2. Circular section. 

3. Jshaped and hollow 
rectanffulaTp 6j and cfpbeing 
the breadth and depth of 
hollow. 

4. Hollow cylinder, or 
annular section, r^ « radius 
of hollow. 

5. Inverted x (^r. 
Hodgkinson's for cast 
iron). When ^, J^ A^ 
are the ^ereas, and d^ d, d, 
the depths of the top 
flange, the bottom flange 
and the uniting rib respec- 
tively. 






c, - + d. 
c, a= r. 
c, - i rf. 



c, = r. 



c, depend- 
ing on the 
form of the 
beam. 



The foUowing table contains values of f\ or modidus of rup- 
iurCy being deductions from experiment by the formula/^= o,kM f 
all dimensions, that is, /, b, and d, being in inehes. 
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Name of materiaL Modulus of nipture. Working load. 

Ibs. IbB. 

Stone (Bochdale) 2358 235 

,, Yorkshireflag .... 1116 112 

„ Caithness slate .... 5142 514 

Beech 9336 1550 

Birch 9624 1600 

Deal (Christiania) 9864 1640 

„ Memel 10386 1700 

Kr 6700 1100 

Larch 6894 1150 

Oak^Englisli 10000 1700 

„ DantEic 8742 1500 

Castiron 30000 to 46900 5000 to 8000 

„ Hot blast mean . . .36900 6000 

,, Cold blast mean . . . 39987 6500 

,/ Stirling's toughened. .46750 7800 

Wroughtiron 54000 9000 

The following table, drawn up by Mr. Hodgkinsonj gives the 
relation between the resistances to crt»Atn^, ruptore by tenrion 
and by cross strain. 



Material. 



Assnmed resistanoe 

to cnuliing per 

aquare inch. 



Mean renataaoe to 

nipture by exten- 

lion per Square 

incli. 



t Mean tramrene 
. 8treng;th of a bar, 1 
inch Square and 1 
foot long. 



Timber . 
Gast iron 
Stone 
Olass 



1000 orl 
1000 orl 
1000 orl 
1000 orl 



1900 or 1.9 
158 or 0.16 
100 or 0.1 
123 or 0.125 



85.1 or 0.045 

19.8 or 0.02 

9.8 or 0.01 

10. or O.Ol 



From this table we get an idea of the extent to which the 
mntual dependency of the fibres or partides of the material comes 
into play when the pieces are bent. 

This table indicates, too^ that the resistance of the same area of 
cross section must vary according to the disposition of the material 
compressed and extended in the section. Mr. Hodgkinson has 
proved, in reference to this, that for cast iron, one mode of dis- 
posing the iron in the section gives a greater strength per square 
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inch of the section than another, in the ratio of 40 to 28^ aud 
the principle holda in other materials. 

For the inverted x-shaped girder^ the strongest form is that 
in which the bottom äange is six times the area of the top flange. 
When^ ia fliese girders^ the length, depth, and top flange are 
constant, mi. äte thickness of the vertical rib between the flanges 
smaU and cottstant, the strengih is nearly m propartian to the 
area öfthe bottom flange. Again, in beams of this form which 
yary Mljr in depth^ the strength is nearly as the depth. 

MTt Hodgkhason has hence dedueed the foUowing simple rale 
for telccdatiDg the strength of cast iron beams approaching the 

formofgreate8tstrength,yk.:W=z^^^^j^ia which Jr= the 

breaking weight in tons ; a = the area of bottom flange at centre 
of lengtb in sqnare inches, d = the depth of the beam in inchesj 
and / its length infeet. 

As it is very usual to ezpress the load a girder or beam has 
to bear, in terms of its length^ or W= to w l, (as^ for example^ 
the girders of railway bridges have to be of dimensions to bear 
a strain of 2 tons per foot of their length,) Mr. Hodgkinson's 
formula may be converted into the foUowing very simple one for 

calcolating the area of the bottom flange, viz. : ö= oTTC^ ^^ r^t*^/ 

whieh taiB the weight per foot of the girder, of the load npon it. 
Further, as <iis generally a simple fraction of l=i*l, we may make 

the formula a = oe noo ' ^^^ example, it is a nsnal and gene- 

rallyoonvenient Proportion to make d=s ^ l, and hence, for railway i,, ^ . t 

/ 4- 16 . /♦le r^.'ff'-^ 

girders in which «^ = 2, a = "Tono"* ^^^^ ^^ ™Lay P^* « = "Tft^' > ^ 

Engineers now make girders of proportions snch as to bear 6 times 
the greatest load likely to oome upon them. Hence, as there are 
generally 4 girders to take the load in a railway bridge, onr 

formula may be written a = oß^^ fo^^ *te area of the bottom 

flange (at its centre) of each girder. 

Open cast iron girders are bad in principle. Of all Systems 
of framing girders or beams, the principle of perfect continuity of 
the component parts, involved in Mr. Fairbaim^s patent malleabk 
iron girders, is the best. 
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FIG. 324. 
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/ Without entering farther into an examination of this subject^ it 
appears to me that tbe preaent is a fitting place to give a concise 
acconnt of the so-called '' tubulär bridoeb/' now being erected by 
Mr. Robert Stephenaon for crossing the Conway, and the Menai 
straighta on the line of the Cbester and Holyhead railway. The 
problem of pasaing both these points with the '^ Holyhead road/' 
was solved by Telford in 1825^ by the erection of the well-known 
Conway and Menai suspenaion-bridges. Suspension-bridges have 
been rejeeted aa inapplicable to raUways^ snd Mr. Stephenaon has 
proposedj nay, haa already completely aettled the practicability 
of carrying out the gvrder System to meet the caae. A girder 
to apan 462 feet is an original and bold conception, and now that 
it may be said to have been execuied, an attempt, if only imperfecta 
to aketch the progreas of engineering art in the direction that 
haa led to this master-piece, cannot but be useful. 

The circomstances demanding or necessitating the erection of a 
bridge of great span^ occnr but seldom^ and the double condition 
of erecting the bridge without centering, still more rarely. 

The deep and rapid rivers of Switzerland, seem first to have 
called forth constructive skill for this purpose. In the year 1757, 
Jean Ulrich Orubenmann, born at Taffen, in the canton Appen- 
zeU, erected the celebrated bridge at Schaffhausen, over the 
Bhine, in lieu of a stone bridge that had been swept away by 
the stream. In designing his bridge, Grubenmann took advantage 
of a rock about mid-way across, for the erection of a pier, to Sup- 
port the ends of two frames or Compound ffirders of carpeniry, the 
one of 170 feet, the other 193 feet clear-bearing or span. 

In 1778, Grubenmann and his brother eonstructed the Wettingen 
bridge over the Limmat, on the same principle that had guided 
them so successfdlly to the erection c^ihat at Schaffhausen. This 
bridge had a clear span of 390 feet. 

To Chretien von Michel, an engraver st Bale, we are indebted 
for the preservation of a record of the detail» of construction of 
these two bridges, viz. " Plans, coupes et ä^vations des trois 
Fonts de Bois les plus remarquables de la Suisse, publik d'apr^s 
les dessins originaux, Basle, 1803.'' 

Both these bridges were bumt by the French in 1799, the one 
having stood 42 years, the other 21 years. Over the one, stones 
weighing 25 tons each had passed ; and over the other a division 
of the French army with its artillery, in extreme haste. (^' Emy, 
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Trait^ de la Charpcnte.)" The points of construction in Wettingen 
bridge, to which we would direet especial attention are : 

1. The continuiiy of the framing^ especially in its vertical plane, 
as perfect as the nature of the materials allow. 

2. The introduction of a roof as an integral part of the con- 
Mtrueiive atrength of the bridge, and of the disposition of the 
greater mass of the timber towards the top and bottom, while the 
intermediate more slender part, or rib, is stiffened at every 15 
feet by strongly framed uprights on the outside and inside. The 
timbers are laid nearly horizontally, accurately bedded on, and 
indented into each other, and bolted together by numerons 
wrought-iron through-bolts. 

8. The cirenmstance that the two aide frames of each were 
raised ready framed into their positions. This latter is an infe- 
rence firom the fact, that powerful screw-jacks placed on a scaf- 
folding, supported on piles, ('' des verina places sur des ^ha&u- 
dages ^tablis sur pilotes)" were used in raising the bridge at 
Schaffhausen, and that the Limmat, near the eonvent of Wettingen 
is of great depth. 

Fig. 325 is a section of the bridge of Wettingen at the ends, and 

rio. 325. 
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Fig. 826 a section at the centre. They suffieiently illuatrate what 

pio. 326. 




we have Baid above in reference to the principle of continuity, and 
the disposition of the roof and timber of the frames generally^ in 
reference to the strength of the bridge. 

At the period when the Wettingen bridge was erected by the 
Apenzell carpenter, the science of the strength of materials had 
scarcely begun to be formed. OalUeo^s theory^ partially corrected 
by the hypothesis of Hooke and Leibnitz^ and by the experiments 
of Mariotte and Buffon^ began to attraet notice ; but our present 
knowledge of the mechanism of the transverse strain^ resulting 
from the later experiments of Duhamel^ Rondelet and Barlow^ and 
the theories foonded upon them^ were undeveloped. Yet we find 
the essential elements of these theories fully recognised in the 
constraction of the bridges erected by the brothers Ghrubenmann. 
Art is the mother of Science. 

This was the largest bridge ever erected on Grubenmann's 
prmciple ; but in 1772, there was exhibited at the Hotel d^Espagne, 
nie Dauphine, a model of a bridge designed by one M. Claus for 
Lord Hervey. This was a model of a bridge 900 feet span, to be 
thrown across the Derry. The model was 20 feet long, or Vt of 
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the füll Site. The engravings were executed by Lerouge, and 
Fig. 327 18 taken from the plate. It is a tranaverse section of the 
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bridge at about J of the span from the abutment or pier. The 
Scale being about 7^. 

Orubenmann^a principle is adopted. The frames are here again 
nearly continuous. They consist of beams laid nearly horizontal, 
indented into eaeh other, bolted together by innumerable long 
wrought iron bolts^ forming the aide ribs^ and these were stiffened 
laterally by uprights. The floor and roof are so framed with the 
trusses or ribs, as to form one great double bow or hoUow girder, 
nearly eyery pound in the weight of which, is available towards the 
absolute strength of the whole. 

This bridge was never executed ; but we see in it a still more 
perfect adoption of the plan of making the floor and roof a part of 
the framing^ and also a recognition of the fact that wood has double 
the resistance to extension^ that it has to compression ; and hence 
the timbers of the upper part are arranged conformably to this fact. 
This was clearly recognized by Grubenmann^ but not so perfectly 
worked out in the construetion of his bridges^ as was done by Claus. 
The introduction of a roof^ as an integral part of the structure^ is^ 
of course^ limited to cases in which the span is such as necessitates 
a depth of girder of 16 to 18 feet at least. The proportion of the 
depth to the length of «the bridge of Wettingen is nearly tV. (For 
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further detaiU of the coDstruction of the model^ see " Emy, Trait^ 
de la Charpente^ vol. ii. p. 398^ and plate 134). 

In Great Britain the problem of erecting bridges of wide span 
had Bcarcely ever been mooted^ tili about the beginning of this 
Century^ when the Joint influence of the inventions of our Dudleys^ 
Brindleys, Hargreaves, Arkwrights, Smeatona^ Watts, Corts, 
Wyatts, Mylnes, Benniea, Telfords, so rapidly developed the 
long latent industrial genius of the country, that in the short 
Space of half a Century, from being as low as any, we became the 
iirst in the scale of nations for perfection in internal communica- 
tion, manufacturing skill, and in productiveness of the useful 
metals, especially iron. 

In the year 1800, the snbject of replacing Old London Bridge, 
occnpied the attention of nearly every engineer of eminence, and 
of mlEtny men of acknowledged scientific attainments. At this 
period, the success of the Wearmouth Bridge, designed by Mr. 
Wilson in 1793, and erected in 1796 by Rowland Burdon, and of 
that of Builwash erected by Telford 1796, seems to have drawn 
the attention of our most distinguished engineers to this material, 
as that best facilitating the execution of bridges of great span. 
The wonderful progress of the iron trade at this period, also, had 
its influence. The question of rebuilding London Bridge was 
shelved at this period ; but Messrs. Telford and Douglas gave in 
designs for spanning the Thames by a single arch of 600 feet span, 
and the practicability of the design was supported by the opinions 
of Playfair, Robison, Watt, Southern, and others. In 1808 — 12, 
Staines Bridge was erected by Mr. Wilson, that of Boston by 
Mr. Rennie, and that at Bristol by Mr. Jessop. Vauxhall Bridge 
was commenced 1813 by Rennie, finished 1818 by Mr. Walker. 
The magnificent Southwark Bridge was erected 1814 to 1818 by 
Messrs. Rennie, father and son. 

The principle of construction adopted in all thcse, was that of 
the arch. The cast iron was framed so as to render the structure 
as strictly analogous to that of an arch of voussoirs as possible. 
We shall here only notice that the adoption of this principle, 
involves a prodigious expenditure of cast iron, to insure the lateral 
stability, essential in the voussoir principle, beyond what is neces- 
sary for the vertical strength required to bear the load. 

The use of cast iron as the framing of machinery, floor-girders, 
lock-gates, swivel-bridges, &c., &c., became more and more usual 
in the construction of works executed after 1808, at which period 

VOL. II. 26 
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Brunei, by demonstrating the practicability by usiiig cast iron a» 
the framing of bis block-machinery, gave new confidenee in 
adopting the rccommendation of Smeaton, on thia sobjeet, made 
50 yeare earlier. 

In 1817, Barlow's Essay on the '' Strength of Timber, Iron, 
and other materials/' was published, and English engineers were 
thus put far on the way of making ^ principles of science rules of 
their art/' A few years afterwards, Tredgold's Essay '' On the 
strength of cast Iron and other Metals,'^ was published, and this 
remarkable work of a mott remarkable man, together with Bar- 
Iow's work, had — all engineers will admit — a powerful influenoe in 
extending the rational use of iron in construction. Ten years later 
Mr. Eaton Hodgkinson, of Manchester, began a course of inquiry 
on the strength of iron, which, while it has eamed for him and bis 
coadjutor, Mr. Fairbairu, a high reputation for scientific knowledge 
and skill, has even more directly than the earlier works mentioned, 
oontributed to the present important position of iron as a material 
in construction. 

During this period too, our dependence on Russia and Sweden 
for malleable iron was put an end to, by the improvements and 
vast extension of our Welsh and Staffordshire rolling-mills, which, 
towards 1810, began to stock our markets ¥dth iron, equal for all 
ordinary purposes to that which, up to this period, had been 
chiefly supplied by foreigners. 

It is a distinguishing dement in the engineer's art, to adopt 
the material best suited, economically speaking, to the work he 
has to accomplish. 

In 1806, the price of bar iron, larger size, was iE20 per ton ; 
in 1816, it was jßlO per ton ; in 1828, it was £8 per ton; and in 
1831, it was £5 to £6 per ton. 

Thus this material has gradually come into the domain of 
appUcations in construction, from which its high price had 
long excluded the consideration of its qualifications. Roofs of 
great span began to be formed of combinations of cast and 
malleable iron. The eligibility of the one to resist strains of 
compression, and of the other to resist tensile strains, became 
familiär to those engaged in practical construction. 

In 1825, a new engineering era had arisen. As the geniua of 
Brindley, under the mighty inüuence of the policy of a Chatham, 
had created our inland navigation, the genius of a Stephenson, 
under the influence of the policy of a Huskisson, created the rait 
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way System. Steam navigation advanced from mere essays to a 
System of vast importance. The demands of the ship builder^ the 
locomotive maker^ the railway engineer, gave rise to new exertions 
of the iron masters. Blooms were puddled of sizes hitherto deemed 
impracticable« It became usual to have bars rolled, and pieces 
forged of sizes exoeeding those which, within a few years, had been 
deemed wonderfid or isoUited examples. In thia respect^ the 
complacent dictum of a celebrated engineer, that ^' no difficulty 
can arise in engineering or mechanical art, that ia not certain to 
be overcome/' has been fully borne out. 

In the construction of the London and Birmingham Railway, 
the Great Western Bailway, the Midland Counties Railway, and 
others, the engineers made ample use of cast iron, and examples of 
girders of 50, 60, even 70 feet in length are to be found on these 
lines of railway. The scientific principles of construction of such 
girders were not at once recognised or Icamed, and we consequently 
find excess of iron in most instances, and mistaken construction in 
others. There was no time for gathering exact knowledge, though 
extant. A limited experience of successful cases led to endless 
repetitions of girders of not yery happy proportions, and ^'trussed^' 
in the wrong direction. The outcry made in England on the 
subject of bot blast iron being so inferior in quality, so treacherous, 
&c., &c., the consequent high price demanded for Castings of what 
was termed good iron, had considerable influence in limiting the 
applications of iron in railway bridges. Stone and brick were pre- 
ferred for the few bridges of great span erected. Suspension bridges 
were tried and failed. Of the wooden bridges erected, that over the 
Tyne at Scotswood, by Mr. Blackmore, deserves mention as in- 
Yolving the best principles of construction. The path so well opened 
up by Grubenmann had long been lost. The System of the Bavarian 
engineer, Wiebecking, and applied by him successfully to the 
bridge of Bambery, 215 feet span, and others, were extensively 
made known by his published writings, whilst the better princi- 
ple of Grubenmann was overlooked. The essential part of Wiebeck- 
ing's System consists in putting the main atrength of the frame in 
arches of cnrved timbers trenailed together, on to which the rest 
of the timbers of each truss is firamed, stispending the horizontal 
ties, from which the road-way is supported. Wicbecking's system, 
¥dth certain modifications, was adopted in France by M. Emmery, 
about 1830, and by the Messrs. Green of Newcastle about 1840. 
In imitation of Wiebecking's plan too, the bow and string fashion 
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of open cast-iron girders was adopted^ small as is the analogy 
between wood and iron. Beginning with the bridge over the 
Begent*8 Canal at Camden Town, this fashion of girder has been 
many times repeated, on various scalea ; and is in execution even 
at the present momenti for spana of 120 feet, in the high level 
bridge at Newcastle-upon-Tyne. 

In the mean time in America, Town's Uittice frame bridges, and 
Long's diagonal frame bridges, had been invented, and railway 
bridgea of 150 to 180 feet clean apan, had been execnted according 
to each system. In the largest applieation of Long'a System, the 
depth of the frame is about 20 feet, and the sides and floor, and 
roof are connected together, so as to form one bax*Uke girder. The 
diagonal framing, even when carried out in the form of lattioe work, 
makes but an imperfect oontinuity in the framing, or ribs oonnect- 
ing together the top and bottom rails or flanges ; but this is the 
principle aimed at, and the bridges are to be considered as very 
successful engineering. They have been adopted in this conntry 
in a few cases, the largest being that of an occupation bridge on 
the Birmingham and Olouoester B4ulway ; but wooden structures 
are to be avoided in this country, on account of the etzreme yariations 
in the hygrometric state of our atmosphere. 

Of the many lattioe bridgea erected in America, the most inte- 
resting in reference to our subject, is the iron tubulär lattioe 
bridge in the great hotel, Tremont House, at Boston. This is 
an elliptical tube of laiiice or trelis toork, the height being 7 to 
8 feet, the minor azis of the ellipse being 41 — &\ the span about 
120 feet. The top is stiffened by a longitudinal bar. The floor- 
ing of wood on the bottom, is about three feet 6 inches wide, and 
helps to stifPen the whole. This foot bridge had been several years 
in use in 1843, and its perfect rigidity, it may be here mentioned, 
at once saggested to our informant's mind, thongh not an engineer, 
the applicability of the plan for carrying a railway across the Menai 
straights. 

Among the circumstances concurring to the result consummated 
by Mr. Stephenson, the sucoess of iron ships of enormous dimen- 
sions, in resisting the strain they have to undergo, is certainly a 
prominent one. The Oreat Britain steam-ship, for example, is 
253 feet in length. It is mainly composed of sheet and angle 
iron, of less than half an inch in thickness, it is thus, like other 
iron ships, a mere shell, and yet from its perfect conimuUy, and 
the nature of the materials, has unimpaired, withstood latera 
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strains ander which a vessel on almost any other constructioD, 
rnust have broken up. 

Such was, as I conceive it^ the State of preparation of engl- 
neers' minds for solving the problem of carrying a railway acrosa 
the Menai straits by girders^ when early in 1845^ Mr. Stephen- 
Bon's '' aerial tunneP' was spoken of. On the 5th of May, 1845, 
he announced his plan before a committee of the House of 
Commons. 

Few inventors can explain the development in their minds of 
an original conception. Invention in art consists of two distinct 
intellectnal efforts — first in seizing the ideal conception of the 
object to be made for a given end ; and second, in the contrivance 
of the Buitable arrangement of materials (or of mechanism in the 
Gase, of a machine) for that object. The nature of the first con- 
ception, seems always to depend on the existing State of analogous 
objects, and hence the two parts of the process are generally inti- 
mately connected, though not inseparable. In Mr. Stephenson's 
case, the two processes seem to have been separated. For as early 
as April 1845, Mr. Eaton Hodgkinson and Mr. Fairbairn seem to 
have been consulted as to experiments on the strength of cylin- 
drical tubes of riveted sheets of iron, and as to the necessity of a 
combination of the girder plan ¥nith Suspension chains, for his great 
bridges. We leam from a communication of Mr. Hodgkinson^s 
to the Mechanical Section of the meeting of the British Associa- 
tion, held at Southampton in 1846, "that a numberof experiments 
were made upon cylindrical and elliptical tubes, and a few upon 
rectangular ones /' but inasmuch as a girder has to resist in its 
vertical direction much more than in its horizontal, the oblong 
rectangular form should have immediately suggested itself as the 
best ; and therefore these first experiments were works of snperero- 
gation. 

Mr. Hodgkinson's experiments were, therefore, at once directed 
to ascertaining what should be the distribution of the metal in 
hoUow rectangular girders, to secure a maximimi of strength with 
a minimum of weight. Mr. Hodgkinson, whose investigations, 
published in 1840, had proved experimentally that hoUow columns 
have a greater resistance to compression than the same weight of 
material in a solid column (as the usual theory had indicated, and 
the practice of Wiebecking and Gauthey thirty years earlier, and of 
Polonceau in 1889, had testified) now made fiirther experiments 
to ascertain the relative resistance of circular and rectangular 
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tabes, with the object of dispoaing of the malleable iron, of whick 
the girders were to be made in this hoUow form^ on the upper 
tide, t. e, the part compresged by the straiD. 

Ab might have been anticipated, the '* buckting** of the platea <»i 
the top had to be prevented by particular contriTancea, or by 
greatly increasixig their aubstance beyond that of the bottom or 
extended aide. 

The foUowing are some of the kading resolta of Mr. Hodgkm- 
ton's experimenta. 

Experimenta <m two aimilar tubes« 
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Thia breaking weight in tons ia in excesa of the reaulta dedaced 
from the usnal formula^ when the value of I, (the moment of 
inertia) is calculated by onr fonnuk 5^ (page 393)^ when f^ ia 
taken = 56000. To aacertain the power of auch tubea to reaist a 
lateral atrain — as from the action of wind — the amaller of theae 
two tnbea^ after being well repaired^ was laid on its side and broken. 
The mean of two experiments gave 15^2 tons as breaking weight^ 
which is about 25 per eent above the result of calculation by onr 
formulas, when the value of /^ ia taken as indicated. Experiments 
on the strength of sheet iron^ however, give the tensile reaistance 
as high as 62000 Ibs. per square inch, and if we introduce thia as 
the value oif^, the experimental results would almost exactly cor- 
respond with the received theory. 

Mr. Hodgkinson's experiments on the resistanoe of sheet iron 
tubes to compression, shew, (as his experiments on caat-iron 
columns made in 1339 had previoualy done^ and as Ealer'a theory 
indicates) that rectangular tubes are weaker than square onea, and 
both of these much weaker than cylindrical tubea ; ao much so 
indeed, that the Substitution of cylindrical for square or rectan* 
gular tubes, wonld, according to Mr. Hodgkinson's experimenta, 
effect a saving o/onefourth ofthe metal in the top. 

Mr. Fairbaim, at the same meeting of the British Association, 
September 1846, made the following communication of *' Expe- 
riments on the Tubulär Bridge, proposed by Mr. R. Stephenson, 
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for Crossing the Menai straits. These expexiMajaüm, «lys Mr. Fair- 
baim, have pnt us in possession of hdU, wUdi greatly increase our 
knowledge of the properties of a H M tcr ia l, whose powers^ when it is 
properly pnt together^ are b«t imperfectly understood ; for exclusive 
of the rapidly increaamguae of wrought iron in the constmction of 
ship-boikrBy fte^ ila apphcation to bridges of the tubulär form is 
perfeedj norel^ and originated with Mr. Robert Stephenson. Ex- 
periments of the most conclusive character were those made on a 
model tube on a large scale, containing nearly all the elements of 
the proposed bridge, and the various conditions with regard to 
form and constmction, which had been developed by the previous 
inquiries (above alluded to). It occurred to Mr. Fairbaim that 
the strengest form would be that, wherein the top and bottom 
consisted of a series of pipes, with riveted plates on their upper 
and under sides. This form of top, says Mr. Fairbaim, would 
possess great rigidity, and is well adapted to resist the crushing 
forces to which it is subjected ; and the bottom section appeared 
equally powerful to resist tension. Mr. Fairbaim thought that 
this is the strengest form that could be devised ; but practical 
difficulties present themselves in its constmction, as an easy 
access to the diffcrent parts for the purposes of painting, repairs, 
&c., is absolutely necessary. The scale of the model tube was 
exactly one sixth of the length, breadth, depth and thickness of 
metal of the bridge intended to cross one span of the Straits, 
450 feet, (since increased to 462 feet). In each of the experi- 
ments, the weights were laid on at the centre, about one ton at a 
time, and the deflection was carefully taken as well as the defects 
of elasticity after the load was removed.'^ 

"The rectangular model tube, Fig. 828, 
was 80 feet long, 4f—&' deep, 2—8'' 
wide, 75 feet between the supports. The 
thickness of the plate: bottom .156 inches, 
sides .099 inches, top .147 inches, sec- 
tional area of bottom 8,8 inches, weight 
of the tube 4,86 tons = 10,889 Ibs. First 
experiment, breaking weight 79,578 Ibs. 
= 35i tons. XJltimate deflexion 4,375 
inches, permanent set under strain of 
67842 Ibs. .792 inches. With the strain 
of 854 tons, the bottom was torn asunder, 
directly across the solid plates, at a dis- 
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tance of 2 feet firom the centre of the shackle^ firom which the load 
was Buspended. One of the principal objects of this inquiry was 
to determine the ratio between the top and bottom of the tube. 
From the experiments immediately preceding this, it appeared 
that the ratio of the area of the top to that of the bottom, in a 
rectangular tube (of thin sheet iron) should be as 5 to 3/' 

" The plates forming the top of the model tube were somewhat 
thicker than intended^ and consequently gave (as former experi- 
ments indicated) a preponderating resistance to that part. To 
obviate this disparity, two additional strips 6^ by -j^, weighing 
about 4 cwt. were riveted along the bottom, extending 20 feet on 
each side the centre. This raised the area of the bottom to nearly 
13 inches, being about the ratio of 5 to 3, or 23,5 to 13. With 
these proportions, and having repaired the fractured part by intro- 
ducing new plates, the experiments proceeded as before.'^ 

'' Second experiment. Breaking weight 97,102 Ibs. = 43,3 tons. 
Ultimate deflexion 4,11 inches. In this experiment the tube 
failed by one of the ends giving way, which caused the sidea to 
eollapse. The weak point in this girder was evidently a want of 
stiflhess in the sides. To remedy this evil and keep them in form, 
vertical ribs composed of light angle iron, were riveted along the 
interior of each side at distances of 2 feet; and having again 
restored the injured parts, the tube was a third time subjected to 
the usual tests.^^ 

'' Third experiment. Breaking weight 126,138 Ibs. i= 56,3 tons, 
ultimate deflexion 5,68 inshes. The tube was torn asundor 
through the bottom plates. The cellular top gave evident Symp- 
toms of yielding to a crushing force by the puckerings of each 
side, which gradually enlarged as the deflection increased. These 
appearances became more apparent as the joints of the plates on 
the top side had sheared off a number of the rweta, and the holes 
had slid over each other to an extent of nearly -,3^ of an inch.'' 

On Mr. Fairbairn's most admirably stated facta, we shall only 
remark, that a cellular bottom would probably be found to be the 
tveakest, and not the strengest form in which the iron could be 
distributed there ; for there is no tendency to buckle in the bot- 
tom; and toresist the transverse strain of passing loads (in the 
actual bridge), the Separation of the plates composing the bottom, 
should only be such as to allow of the introduction of connecting 
plates or joists to stiflFen it, so as to make the bottom a roadway. 
Again, the ratio of the areas of the top and bottom above deduccd. 
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is evidently not an absolute quantity^ bnt refers only to the par- 
ticularybrm qfceUs adopted in these experiments. Theory and 
experiment indieate this to be the true view of the case. 

These experiments were used in determining the dimensions 
of the bridges already erected, and now in eonstruetion. In refe- 
rence to the Conway Bridge^ the first tube of which was ereeted in 
March 1848^ the foUowing particulars are taken from the Civil 
Engineers' and Architects' Journal for June of this year. 

" Fig. 329 exhibits a transverse section of one of the tubes. Fig. 

330 is a side elevation 
of 12 feet in length 
of the tube, resting 
on the masonry. The 
tube consists of sides 
a, a, of wrought-iron 
plates, from 4 to 8 feet 
long and 2 feet wiAe, 
by { inch thick in the 
centre, and l^ths of an 
inch thick towards the 
end of the tube, rivet- 
ed together to T- 
angle-iron ribs, placed 
on both sides of the 
joints, and angle-gus- 
sets at the feet of the 
ribs to stiffen them ; a 
ceiling (or top äange), 
composed of 8 cells or 
tubes b, each 20^ 
inches wide, and 21 
inches high; and a 
floor containing 6 cells 
or tubes c, 27i inches wide, and 21 inches high. The whofe 
length of the tube is 412 feet; it is 22 feet 3^ inches high at the 
ends, and 25 ft. 6 in high in the centre, (including the tubes at 
top and bottom, running the whole length,) and 14 feet ¥dde to^ 
the outside of the side plates. The upper cells are formed of 
wrought-iron plates, } inch thick in the middle, and ^ inch thick 
towards the ends of the tube, put together with angle-iron in« 
cach angle of the cells ; and over the upper joints is riveted » 
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'»»• 330. siip of \ inch iron, 

44 inches wide. The 
lower cells consist of 
} inch iron plates for 
the divisions^ and the 
top and bottom of two 
thicknessea of plate, 
each 12 feet long, 2 
feet 4 inches broad, 
and 4 inch thick in 
the ceaatre, and i iaA 
thick at Oe ends, and 
«o arranged as to break 
the Joint ; and a cover- 
ing plate of ^ inch iron, 
3 feet long, is placed 
over every Joint on the 
underside of the tube. 
The extemal casing is 
united to the top and 
bottom cells by angle- 
iron, on both the inside 
and outside of the tube. The ends of the tube, where it rests on the 
masonry, are strengthened by cast-iron frames rf, to the extent of 
8 feet of the lower cells. The tube was constructed on a platform 
erected on the shore of the river, close to where it was to cross ; 
and when finished, six pontoons were placed under the tube at low 
water, and at high water they lifted the tube off the piles upon which 
the stage was erected. It was then floated to its destination, and 
placed between the two towers, part of the masonry being left 
undone until the tube was put into its proper position, and as it 
was raised by means of hydraulic-lifting presses, the masonry was 
built up under the tube. In order to allow of the free expansion 
and contraction of the tube, the ends rest on 24 pairs of iron 
rollers t, connected together by a wrought-iron frame, and placed 
between two cast-iron plates y, *, 12 feet long by 6 feet wide, and 
4 inches thick. The lower plate is laid on a flooring of 8 inch 
planks /, bedded on the stone-work. Fig. 329, h, h, are uprights 
into which are fitted the cross-lifting girders for attaching the 
chains of the hydraulic presses.^' 

The weight of each tube of the Conway Bridge has been stated 
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to be 1300 tons^ bat whether this is the weight including the 
fiztures for the rails^ or of the tabe per se, is not recorded in the 
papera to which we have had access. The total length being 420 
feet^ the weight may be atated as not less than 62 cwt. or 3^1 tons 
per " foot running/' It is difficult to conceive anything more 
admirable than this final result, when we leam that ander the 
passage of the heaviest goods-trains, there is no sensible motion, 
by deflection^ among the parts of the tabe-girders. No method 
of construction^ hitherto adopted for large spans, could have 
accomplished this absolute security with so small a weight of 
materials. 

While in what precedes we have endeavoared to trace the pro- 
gress of a particular part of the engineer's art, in the manner in 
which we are wont to teach it^ with a view to encouraging young 
engineers to look upon their art as capable of being formed into a 
science^ and might here end this Appendix: we yet venture to add^ 
in reference to what we have said as to the separate intellectaal efibrts 
involved in Mr. Stephenson^s invention, — ^that the adoption of the 
results of the above-mentioned experiments^ the execution of the 
designs altimately determined upon^ and the erection of the 
tubes^ are details requiring the highest order of skill and practice 
in the execation of works ; but^ ihe "keeping hold of the ariffinal 
idea" until brought to the form of ascertaining experimentally, the 
best shape or arrangement of the materials^ is certainly the essence 
of invention — marks out the Engineer-in-chief s work unmistak- 
ably — ^is the element in the grand result that commands the 
homage paid to engineering genius, by the less gifted of the pro- 
fession^ and which secures to itself^ envy or jealousy notwith- 
standing the due mede of fame and public applause. The Co- 
operation of Mr. Hodgkinson^ Mr. Fairbaim, and Mr. Clark, 
have doubtless been of very great service to Mr. Stephenson, and 
the Holyhead Bailway Company, in working out the details of a 
design, in proposing which, however, they had no share; 
but it seems impossible to associate the names of others with 
that of Stephenson in this work, further than we associate the 
names of Davies, Gilbert, Bhodes, and Provis, with that of 
Telford, in connection ¥dth the Menai Suspension Bridge. Just 
as well might '' all but the original idea^' of the block machinery 
be claimed by Maudslay, who made it for Brunei. The same of 
the safety-lamp, by the tin-smith, who made the first for George 
Stephenson. The same of the hot-blast by Mr. Wilson or Mr. 
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Condie, who firat applied it for Mr. Neilson^ and the same of many 
other cases, in which, from imperative circamstanoea, the inventor 
has found himself necessitated to delegate to others the actual 
execution of hia " original idea/' 

Whilst the experiments on the Tubulär Bridgea were in progresa, 
letters-patent were granted to Mr. Fairbaim for '' improvementa 
in conatructing iron-beama/' in which he claims '^ the novel appli- 
cation and use of plates or sheeta of iron, united by meanaof angle 
iron and riveta^ or by other meana, for forming or conatructing 
by auch combination hollow beama or girdera for the erection of 
bridgea or other buildinga/' 

Although the principle of Mr. Fairbaim'a patent ia perfecta tbe 
limita of ita economical application, ia, aa far aa we can judge, to 
caaea of great apan, and where extreme atraina are likely to be 
auddenly brought upon the atructure. 

The ayatem aucceaafully applied by Wiebeeking for wooden 
bridgea, and in caat iron by Reichenbach and Grauthey, and latterly, 
to a certain extent, by Polonceau, in the beautiful Pont du Car- 
rouael, over the Seine, haa recently been revived in malleable 
iron. On the extenaion of the London and Blackwall Railway, 
and elaewhere, Mr. Locke haa introduoed a hollow aheet iron arch^ 
with auapended tie and diagonal bracinga, to carry the roadway. 
We object to thia form of bridge, aa being a retrogreaaion in 
the princgtle of construction, and conaequently offering ne 
economical advantage, but the contrary. 
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Since the concluding 
scntence of the chapter on 
Watcr-power wa« written, 
the translator has been en- 
abled by the kindness of 
Mr. John Taylor, jun. to 
give the following details 
of the constrnction of Mr. 
Darlington's water-pressure 
engine. The first engine 
erected in England with 
cylinder or piston-valves, 
was that put np in the 
Alport mines, Derbyshire, 
in the year 1842. This 
was a single-cylinder engine. 
Its saceess was complete, 
and others were erected on 
the same plan. But in 
1845, a comUned cyUnder 
engine was designed, and 
erected by the same engi- 
neer, which is found prac- 
tically to have several ad- 
vantages for such large 
supplies of water as that 
consumed by the pumping- 
engine of which we subjoin 
accarate rednctions of the 
working-drawings. 

Fig. 831 is a front eleva- 
tion of the combined cylin- 
der engine. Fig. 332 is a 
sectional view, and Fig. 333 
is a general plan. PC, 
is the bottom of the pres- 
sure column, 130 ft. high, 
and 24 inches internal 
diameter, CC üre the com- 
bined cylinders, each 24 
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inches diamcter, open at top, with hemp-packed pistons a (Fig. 832), 
and piston-rods i», combined by a cross-head n, working between 

rio. 333. 




guides in a strong frame. The admission throttle-valve is a sluice- 
valve, shewn at o, Fig. 331, and between the letters b and e in 
Fig. 333. The main or working valve, is a piston g, 18 inches 
in diameter, Fig. 332, with its counter or equUibrium piston above. 
The orifice for the admission of the pressure water is between 
the two pistons. The intermediate pipe a is a flat pipe, into 
which numerous apertures lead from the valve-cylinder (seen 
immediately under ff, Fig. 332). The valve-piston is in the 
Position for discharging the water from the cylinders through 
the pipe e, Fig. 332, by the sluice valve *. 

The valve-gear is worked by an auxiliary engine A, by means of 
the lever v. The auxiliary engine- valves, are piston-valves in the 
valve-cylinder t, Figs. 332 and 333, communicating with the pres- 
sure, pipes by a small pipe, provided with cocks, as shewn in Fig. 333. 
The motion of the auxiliary engine valves is effected by a pair of 
tappets f, i\ set on a vertical rod attached to the cross-head n. 
These tappets move the fall-bob 6, by mcans of the canti-lever /, 
Fig. 331, the other end of the lever being linked to the rod «, Fig. 
332, (« Fig. 331, is misplaced) which again is linked to the 
auxiliary piston-valve rod, 

The play of the machine is now manifest. It is in every respect 
analogous to the Harz and Huelgoat engines, described by Weis- 
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bach. The average speed of the engine is 140 feet per minute^ 
or 7 double strokes per minate. This reqoires a veloeity of some- 
thing lesa than 2^ feet per aecond of the water in the pressure- 
pipesj and as all the yalve aperturea are large, the hydraulic 
resiatancea must be yery small. The engine ia direet aeting, drawing 
water from a depth of 135 feet, by means of the apear w, w, Figs. 
831 and 832. The '' box/' or bücket of the pump, ia 28 inches in 
diameter, M that the diacharge ia 266 gallona per stroke, or when 
working fall apeed, 1862 gallona per minute. The mechanical 
eflPect due to the fall and qnantity of water consumed ia nearly 140 
horae power. The mechanieal effect involved in the discharge of the 
laat-named qoantity of water ia nearly 74 horae-power, so that aap- 
posing the efficieney of the engine and pumpa to be on a par with 
each other, the effieiency of the two being (§ 203), i|,= 71,15, 

the efficieney of the engine alone n = "o*^ = — ^ — = >^* ^ 

in the langoage of Comish engineers, 85 per cent is the Duty of 
the engine. 

The oost of maintenance, grease, &c., of the engine, ia only 
£40 per annum. In every particular it redounds to the credit of 
Mr. Darlington's skill as an hydraulic engineer. 
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Jonval'a tm>bine, 288. 
K. 
King-poats, 41. 
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Parta of water-wheels, dimensiona of, 

148. 
Pentroughs or penstocka, 159. 
Piers and abutments, 62. 
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INDEX. 



419 
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Structures, wooden, 33. 

Strnts or braces, 49. 

Swell, of, 109. 
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267. 



-, construction of guide-curve, 
experiments on Fontaine's 



• and JouTal's, 295. 
, experiments on 



f mechanical effect of, 265. 
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} — , recent experiments on, 216. 
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Wein, constructioD ol^ 110. 
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The applications of the abandant supply of metallic orcs^ and 
the production from them of the several useful metals, although 
carried on to a vast extent in this country, have never been made 
the subject of a distinct Treatise in our language. No work 
exists to which the term Meiallurgy, £an with propriety, be 
applied. 

Branches of the subject have been separately handied, as^ for 
instance^ '^The Manufacture of Iron," by Mushet and by Alex- 
ander ; valaable Information of an isolated character is also to be 
found in Ure's " Dictionary of the Arts and Sciences/' in Taylor's 
''ßecords of Mining/' and in Foster's ^' Section of the Strat«/' 
but a connected work upon the whole subject of the reduction 
of metallic ores^ like tbose of Lampadius and Karsten in 
Germany^ and of Heron de Villefosse in France, embracing 
descriptions of the various methods and processes of smeltiiig^ 
the implements and materials employed in obtaining the different 
useful metals, and a scientific explanation of the processes, analyses 
of the ores, produce, &c., as complete as the present state of 
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Bciencc will admit^ has never yet been offered to the English 
public. 

In endeavouring to fill up this gap in our literature^ the plan 
we propose to follow is^ perhaps^ not so strictly scientific as 
that adopted by the Germans and French^ the public of which 
countries have been familiär for nearly a Century with scientific 
treatises on thia impovtant subject ; but we believe that it wül 
be more practically useful in this country, and more in ac- 
cordance with the view we take of including Metallurgy as a 
brauch of Chemical Technology. It also justifies us in excluding 
those metals of which no technical use has yet been made^ or 
which will find a more appropriate place in some other division 
of our subject^ while we properly include platinum^ rhodium^ 
iridium^ osmium^ nickel^ manganese^ uranium^ tungsten^ and 
chromium^ which have been whoUy^ or partly^ omitted by former 
authors. 

Our arrangement will, therefore^ embvace the following par- 
ticulars :■ 

0£NEIIAL METALLUROT. 

General Principles of Metallurgical Operations. 

Fuel and its Preparation. [Already treated in Knapp^ Vol. I.] 

Fluxes^ their Composition^ &c. 

Building Materials for Furnaces,; &c. 

SPSCIAL^ METALLURGY. 

Chemical Properties of the Metal. 

Its Ores, and their Composition, &c. 

Miethods of Assaying the Ores. 

Mechanical Preparation, or '' Dressing*' of the Ores. 

Chemical Treatment, or " Smelting'' of the Ores. 

The following order will be observed in treating the special pari 
of the subject^ and the description of the metallurgical- processes 
concemed in the production of each metal will be foUowed 
by an account of the manufacture of those of its Compounds 
which deserve such notice from the extent of their production 
or general usefulness. 

Iron, Iridium,^ 

Tin. Osmium. 
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Zinc. Rhodium. 

Cadniium. Mercury. 

Bismuth. Antimony. 

Copper. Arsenic. 

Lead. Nickel. 

Silver. Cobalt. 

Gold. Chromium. 
Platinuin. 

It is impossible to overstate the value of this branch of know- 
ledge, embracing as it does one of the most important sources of 
the national wealth^ in the development of which so mach capital, 
enterprize^ and skills have been^ and are being^ daily expended^ 
which profitably employs so many thousands of our fellow-country- 
men^ and which has so materially aided in raising this country to 
the rank it enjoys among the nations of the earth. llie following 
table of the value of some of the important metals produced in 
this country^ and for which we are indebted to the Editor of the 
^^ Mining Journal'* will confirm the above statement : 

Iren ^£8,400,000 

Copper 1,200,000 

Lead 920,000 

Tin 390,000 

Manganese 60,000 

Süver 70,000 

Zinc 8,000 

Antimony] 

Bismuth \ 25,000 

Arsenic J 

Although numerous improvements have been introduced in the 
processes for smelting ores, it is acknowledged on every band that 
the progress in this branch of industry has not kept pace with some 
other chemical manufactures, and no doubt can exist that it is to 
be solely attributed to a deficiency of correct scientific knowledge. 
Had we possessed a Bergacadamie, like that at Freiberg, or an 
Ecole des Mines, as exists in Paris, such a complaint would not 
have been heard, nor should we have been so dependent upon the 
cheapness of our fuel and the facility of our transport. 

We trust in some degree, however humble, to be the means of 
difiiising more extensive and correct Information on this subject 
thaa at present exists in our language; and we hope that the 
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present loss of fuel in smelting iron^ the waste of lead in fame, 
the apparently rüde process of extracting copper and our useless 
heaps of zinc ore^ will give place to such improvements as shall 
place the Metallurgy of Great Britain upon an equal footing 
with her proud pre-eminence in other manufactures. 
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of Glasgow. 2 Yols. 8vo. Illustrated by Plates and Woodcuts. In the 
pre$$, 

■ Our Planetary System, its Order and Physical Structure. 12mo. With 

Wood-cuts. London, 1850 . . . . .066 

- Views of the Grander Reyolutions of our Globe. 12mo. With Woodcuts. 

London, 1850 . . . . . .066 

* The Arrangement of the Fixed Stars. 12mo. With Plates. In the 
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Quekett ( J.) Pnctical Treatise on the Use of tbe Microsoope. lUustrated 

with Steel and Wood EngnTings, 8vo. London, 1848 . . .110 

A fcw copies, with the plates ooloured . . .220 

— ^— Practical Treatise on Minute Injection, and the Application of the 
Microecope to Diseased Stnictore. Sto. Illastrated with Engraved Plates and 
Woodcuts. In thepres$. 

Bemault. An Elementary Treatise on Crystallography, lUustrated with 108 

Wood Engravings, printed on black ground. 8vo. London, 1848 . .030 

Beiohenbaoll (Baron Charles). Physico-Physiological Researches on the 
Dynamics of Magnetism, Electrieity» Heat, Light, Crystallization, and 
Chemisni, in thdr Relations to Vital Force. The coraplete Work from the 
Germao Second Edition, with Additions, a Preface and Critical Notes, by John 
AsHBUKNBR, M.D. 8to. With Woodcuts and Ooe Plate. London, 1850 . 15 

Biohardson. Geology for Beginnen ; comprising a Familiär Exposition of 
the Elements of Geology and its Associate Sciences, Mineralogy, Fossil Con- 
chology, Fossil Botany, and Paleontology. By G. F. Richardson, F.G.S. 2nd 
Edition, post 8yo. with 251 Woodcuts, 1843 . . . 10 6 

Biohardson and Bonaids. Metallurgy ; and the Chemistry of the Metals. 
In 3 Tols. 8to. lUustrated with numerous Wood Engravings. In thepreas, 

Stars and the Barth. The Stars and the Barth ; or, Thoughts upon Space, 
Time, and Etemity. 4th Edition, Eighth thousand, 2 Parts in 1, 18mo. 
London, 1850 . . . . . .020 

Stephens. Manual of Practical Draining. 3rd Edition, with Woodcuts, 8to. 

Edinburgh, 1848 . . . .050 

Thomson. Chemistry of Organic Bodies— Vegetables. By Thomas Thomson, 
M.D. F.R.S. L. & E., Regius Professor of Chemistry in the University of 
Glasgow, Corresponding Member of the Royal Academy of Paris. 1 large 
ToL 8to. pp. 1092, boards, London, 1838 . . . .14 

Heat and Electridty. 2nd Edition, 1 vol. 8to. lUustrated with Wood- 

cnts, London, 1839 . . . . . 15 

Chemistry of Animal Bodies. 8vo. Edinburgh, 1843 . 15 



Thomson (B. D.) British Annual and Epitome of the Progress of Science. By 
R. D. Thomson, Assistant Professor in the UniTcrsity of Glasgow. 3 toIs. 
18mo. doth boards, lettered, each . . . .036 

Firat Year, 1837. 
Contains numerous Practical Tables of Weights, Measures, and Coins. The Populär 
Papers are by the Rer. B. Powell ; C. Tomlinson, Esq. ; W. S. B. Woolhouse, 
Esq. ; T. S. Davies, Esq. ; R. D. Thomson, M.D. 

Second Year, 1838. 
The Populär Papers are by T. Thomson, M.D., Regius Professor of Chemistry in 
the University of Glasgow; R. E. Graut, M.D., Professor of Comparative 
Anatomy in the University College, London; R. D. Thomson, M.D.; Life of 
James Watt, illustrated with a Portrait ; H. H. Lewis, Esq. 

nird Year, 1839. 
The Populär Papers are by J. S. Russdl, Esq. ; Professor R. E. Grant; H. Garnier, 

Esq. ; R. D. Thomson, M.D. 
Wiesbaoh ( J.) Principles of the Mechanics of Machinery and Engmeering. 

2 vols. 8vo. Illustrated with 200 Wood Engravings, London, 1848 . . 1 19 
Vol IL separately . . . . . 18 



Sittatoms, Mtrtitint, ftttrsets, mXf BätuttA p^ttttots. 

Ashbumer. On Dentition and someCoinddent Disorders. 18mo. London, 1834 40 

Canton (A.) A Short Treatise on the Teeth, 12mo. with Wood-cnts. In thepreea, 

Conrtenay. Pathology and Rational Treatment of Stricture and Urethra in 

all its Varieties and Complications, with Observations on the Use and Abuse 

of Urethral Instruments. The whole illustrated by numerous Cases. By 

F. B. CouKTENAT, M.R.C.S., &c. 4th Edition, 8vo. London, 1848 .050 

91», Revent Btreet. Iiondoa. mnA lee, Fvlton SIreec Hew York. 
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Courtenay. A Few Words on Perineal Section, u Teoommended by Pro- 
fessor Syme, for the Cure of Stricture of the Urethra. 8vo. London, 1850 .010 

Practical Obserrations on the Chronic Enlargement of the Prostate 

Gland in Old People: with Mode of Treatment. By Francis B. Courtenay, 

8vo. with numerous Cases and Plates, boards, London, 1839 . .076 

Cruveühier and Bonamy. Atlas of the Descriptive Anatomy of the 
Human Body. By J. Cruveilhier, Professor of Anatomy to the Facnlty of 
Medicine, Paris. With Explanations by C. Bonamy. Containing 82 Plates 
of Osteology, Syndemology, and Myology. 4to. London, 1844. PUdn .300 

Coloured . . . . . . & 15 

Dunglison. A Dictiooary of Medical Science, containing a Concise Acoovnt 
of the various Subjects and Terms, with the French and other Synonymes, 
Notices of Climate and of celebrated Mineral Waters, and Formul» for vanous 
officinai and empirical preparations. By Robley Dunglison, M.D. Sixth 
Edition, greatly enlarged, 8vo. Philadelphia, 1846 . . . 1 10 

SSberle. A Treatise on the Diseases and Physical Edncation of Childien, by 

John Eberle, M.D. Third Edition, 8yo. PhUadelphia, 1848 . . 15 

Fau. The Anatomy of the Extemal Forms of Man (for ArtisU). Edited by 
R. Knox, M.D., with Additions. 8yo. Text, and 28 4to. Plates. London, 
1849. Piain . . . . . . .14 

Coloured . . . . . .220 

Gerber and Gulliver. Elements of the General and Minute Anatomy of 
Man and the Mammalia; chiefly after Original Researches. By Professor 
Gerber. To which is added an Appendix, comprising Researches on the 
Anatomy of the Blood, Chyle, Lymph, Thymons Flnid, Tuberde, and Addi- 
tions, by C. Gulliver, F.R.S. In 1 vol. 8vo. Text, and an Atlas of 34 Plates, 
engraved by L. Aldous. 2 yoIs. 8vo. Cloth boards, 1842 . .14 

Grant. General View of the Distribution of fixtinct Animals. By Robert E. Grant, 
M.D., F.R.S. L. & E., Professor of Comparatiire Anatomy at the University 
College, London. In the " British Annual,'' 1839. 18mo. London, 1839 .036 

On the Principles of Classification, as api^ed to the Primary Dirisions 

of the Aniroal Kingdom. In the *' British Annual," 1838. 18mo. lUustrated 
with 28 Woodcuts, London, 1838 . . . . .036 

Outlines of Comparative Anatomy. 8vo. lUustrated with 148 Woodcnts, 



boards, London, 1833—41 . . . . .18 

Part VIL with Title-page . . . .016 



Gross. Elements of Pathological Anatomy. lUustrated by coloured Engravings 
and 250 Woodcuts, by Samuel D. Gross, M.D., Professor of Surgerj- in the 
Medical Institute of Lonisville. Second edition, 8vo. Phfladelphia, 1845 . 1 12 

Hall (Marshall). On the Diseases and Derangements of the Nervoos System, 
in their Primary Forms, and in their moditications by Age, Sex, Constitution, 
Ilereditary Predisposition, Excesses, General Disorder and Organic Disease. 
By Marshall Hall, M.D., F.R.S. L. & £. 8vo. with 8 engraved Plates. Lon- 
don, 1841 . . . . . . 15 

Thefollowing tu an Appetidix to the etbove Work, 

On the Mutual Relations between Anatomy, Physiology, Pathology, 

Therapeutics, and the Practice of Medicine ; being the Gulstonian Lectures 
for 1842. 8vo. with 2 Coloured Plates and 1 Piain. London, 1842 .050 

New Memoir on the Nervous System, true Spinal Marrow, and its 



Anatomy, Physiology, Pathology, and Therapeutics. 4to. with 5 engraved 

Plates, London, 1843 . . . . . .10 

Hassal. The Microscopic Anatomy of the Human Body in Health and 
Disease. lUustrated with upwards of 400 Original Drawings, many of them 
coloured, 2 vols. 8vo. London, 1850 . . . .250 

Henriques. Etiological, Pathological and Therapeutical Reflections on the 
Asiatic Cholera, as observed in Europe, Asia Minor, and Egypt. 8?o. London, 
1848 . . . . .016 

Hnfeland. Manual of the Practice of Medicine ; the result of Fifty Years' 
Experience. By W. C. Hufeland, Physician to the late King of Prussia, 
Professor in the University of Berlin. Translated from the Sixth German 
Edition, by C. Bruchhausen ai^d R. Nelson. 8vo. bound. London, 1844 . 15 
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Jones (WO An Esny on tome of the most important Diseases of Women, 
with a DescriptioD of a Noyel Invention for their Treatmeat and Relief. 
Second Edition. 8vo. London, 1850 . . . .010 

^-^^— Practical Observations onthe Diseases of Women, showingthe neceasity 
of Physical Examination, and the Use and Application of the Specalam. 
Illustrated by Gases, Woodcuts, and Colonred Plates. 8vo. London, 1850 .070 

Laenneo. A Treatise on the Mediale Auscultation, and on Diseases of the 
Lnngs and Heart By R. T. H. Laennec, Professor to the Facnlty of Medicine 
of Paris. With Notes and Additions by M. Laennec, and M. Andral. Trans- 
lated and Edited hy Theophilus Herbert, M.D., from the last edition ; with 
Practical Notes, hy F. U. Ramadge, M.D., Ozon. 8vo. with Plates. London, 
1846 . . . . . . 18 

Lebandy. The Anatomy of the Regions interested in the Surgical Operations 
peiformed npon the Human Body ; with Occasional Views of the Patholo- 
gical Condition, which render the interference of the Sargeon necessary. In 
a Series of 24 plates, the Size of Life. By J. Lebaudy. Folio. London, 1845 14 

Lee. The Anatomy of the Nenres of the Uterus. By Robert Lee, M.D., F.R.S. 

Folio, with 2 engraved Plates. London, 1841 .0 80 

Maddook« Practical Observations on the Efficacy of Medicated Inhalations in 
the Treatment of Pulmonary Consumption. By Dr. Maddock. 3rd Edition, 
8to. with a colonred Plate. London, 1846 . . . .056 

Martin. A General Introduction to the Natural History of Mammiferous Ani- 
mals : with a particular View of the Physical History of Man, and the more 
dosely allied Genera of the Order ** Quadnunana," or Monkeys. Illustrated 
with 296 Anatomical, Osteological, and other Engravings on wood, and 12 
fnO-plate Representations of Animals, drawn by W. Harvey, 1 vol. 8vo. 
. London, 1841 . . . . . 16 

KOner. The American Bee Keeper's Manual ; being a Practical Treatise on the 
History and Domestic Economy of the Honey Bee, embradng a füll illustra- 
tion of the whole Subject, with the most approved Methods of Managing this 
Insect through every Brauch of its Gulture, the Result of many Years' 
Experience. By T. B. Miner. 12mo. London, 1849 . . .086 

Moreau (Professor). Icones Obstetricse; a Series of 60 Plates and Text, 
Illustrative of the Art and Sdenoe of Midwifery in all its Brauches. By 
Moreau, Professor of Midwifery to the Faculty of Medecine, Paris. Edited, 
with Practical Remarks, by J. S. Stretter, M.R.G.S. Folio. Cloth boards. 
London, 1841. Price Piain . . . . .330 

Colonred . . . . . .660 

Owen. Odontography ; or, a Treatise on the Comparative Anatomy of the 
Teeth^ their Physiological Relations, Mode of Development, and Microscopical 
Structure in the Vertebrate Animals. By Richard Owen, F.R.S., Correspond- 
iog Member of the Royal Academy of Sdenoes, Paris and Berlin ; Hun- 
terian Professor to the Royal CoUege of Snrgeons, London. This splendid 
Work is now oompleted. 2 vols. royal 8vo. containing 168 plates, half- 
bound mssia. London, 1840—45 . . .660 

A few copies of the Plates have been printed on India paper, 2 vols. 4to. 10 10 

Fhillips. ScroAiU: its Nature, its Prevalence, its Causes, and the Prindples of 
Treatment. By Benjamin Phillips, F.R.S., Surgeon and Lecturer on Surgery 
to the Westminster Hospital. 8vo. vrith an engraved Plate. London, 1846 . 12 

A Treatise on the Urethra ; its Diseases, espedally Stricture, and their 

Cure. 8vo. boards* London, 1832. . . . .08 

Priohard. The Natural History of Man ; comprising Inquiries into the Modi- 
fying Inliuenoe of Physical and Moral Agendes on the different Tribes of the 
Human Family. By James Cowles Priohard, M.D., F.R.S., M.R.I.A. Corre- 
sponding Member of the National Institute, of the Royal Academy of Medi 
dne, and of the Statistical Society of Fiance ; Member of the American 
Philosophical Sodety, &c &c 3rd Edition, enlarged, with 50 colonred and 
5 piain Illustrations, engraved on steel, and 97 Engravings on wood, royal 8vo. 
elegantly bound in cloth. London, 1848 . . . . 1 16 

— — Appendix to the First and Second Editions of the Natural History 

of Man, lai^e 8vo. with 6 coloured Plates. London, 1845 & 1848. Each .036 

OIO, Revent Stveet, I«ondon. wnd le», Falton Street, New York. 
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FrioharcL Siz BthBOgnphicil Maps, as a Sapplement (o the Natural History of 
Man, and to the Researches into the Phyaical History of ^nkind, folio, cxrfoored» 
and 1 Sheet of letter.press, in cloth boards. 2nd Edition. London, 1850 .14 
— — — ^ lUustrationa to the Researches into the Phyaical History of Mankind. 
Atlas of 44 coloured and 5 piain Platea, engraved on steel, larg« 8to. half, 
boond. London, 1841 . . . . 18 

On the Different Fonns of Insanity, in relation to Jorisprodenoe. (De- 



dicated to the Lord ChanoeUor of England.) 12mo. London, 1842. .050 

Bayer. A Theoretical and Practical Treatise on the Diseases of the Skm. By 
P. Rayer, M.D., Physidan to the Hdpital de la Charit^ Translated by 
R. Willis, M.D. 2nd Edition, remodelled and mnch enlarged, in 1 thid: 
Yol. 8vo. of 1300 pages, with Atlas, royal 4to. of 26 Plates, finely engraTed, 
and coloured with the greatest care, ezhibiting 400 Taxieties of Cutaneoiia 
Affections. London, 1835 . . . .480 

The Text separately, 8to. in boards . .18 

■ The Atlas 4to. separately, in boards . • . S 10 

Byan, The Philosophy of Marriage, in its Social, Moral, and Physical Bela- 
tions ; with an Account of the Diseases of the Genito-Urinary Organs, irith 
the Physiology of Generation in the Vegetable and Animal füng&ms. By 
M. Ryan, M.D. 4th Edition, greatly improTcd, 1 vol. 12mo. London, 1843. 6 

Shuckard« Essay on the Indigenous Fossorial Hymenoptera; comprising a 
Description of the British Species of Bnrroving Sand Wasps oontained in all 
the Metropolitan Collections ; with their habits, as far as they haye been 
obsenred. 8yo. with 4 Plates. London, 1837 . • . 10 

Phte L ia wafUinj^, 

Elements of British Entomology. Parti. 1839. . .0 80 

Byrne. Prindples of Surgery. By J. Syme, Professor of Clinicel Soigeiy in the 
University of Edinburgh. 3rd Edition, mnch enlarged, and illustrated with 
14 Plates on India paper, and 64 Woodcuta, 1 voL 8to. London, 1842 .110 

Vogel and Day* The Pathological Anatomy of the Human Body. By JuUua 
Vogel, M.D. Translated from the Gearman, with additions, by George B. 
Day, M J)., Professw to the University of St. Andrews. Illustrated with 
npwards of 100 pkun and coloured Engravings, 8fo. cloth. London, 1847 • 18 

Wardrop. On Blood-letting; an Account of the Curative Effects of the 
Abstraction of the E|lood ; with Rules fbr employing both local and general 
Blood-lelting in the treatment of Diseases. 12mo. Londpn, 1835 . .0 40 

Wardroper. A Practical Treatise on the Structure and Diseases of the 
Teeth and Gums, and on a New Priaciple of their Treatment. 3rd Edi- 
tion. 8vo. London, 1844 . . . . . .036 

Waterhoiuie. A Natural History of the Mammalia. By G. R. Waterhonse, 
Esq., of the British Museum. VoL I, containing the Order Marsupiata, or 
Pouched Animals, with 22 Illustrationa« engraved on steel, and 18 Engrav- 
ings on wood, royal 8yo. elegantiy bound in cloth, coloured Platea . 114 6 

Piain . . .19 



— "— - Vol. II. containing the Order Rodentia; or, Gnawing Mammalia: with 
22 niustrations, engraved on steel, and Engra^gs on wood, royal 8vo. 
elegantiy bound in doth, coloured Platea. London, 1848 . . 1 14 6 

Piain . . . . .19 



The Natural Hiitory qf Mammalia ia iniended to emhraee an aeemmt qfthe t/me- 
ture and habita (faüthe known apeeiaa qf Quadrupeda, or Mammala ; to whieh 
will be addedf obaervatiana ypon their geoffmg^hical diatributum and elaaa^em^ 
tum. Since thefoaail and recent apeciea iOuatrate each other, it ia alao m- 
tended to inckide noticea qf the leaSng eharactera qf the extinct apeciea. 

The Oenera, and many qfthe apeciea^ are ilknatrated by Engravinga on ateel, and 
by Woodcuta. The mod^icationa obaervable m the atructure qf the tMXr, 
teethffeett and other partaf are abnoat entirely iUuatrated byateel Bngravinga. 

Williams. ElemenU of Mediane : Morbid Poisons. By Robert Williams, MJ)., 

Physidan to St. Thomas's Hospital 2 vols. 8vo. London, 1836—41 < I 8 6 
VoL II. separately. 1841 . . . . 18 
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Willis, mnstntioiis of Cntaaeous Diaeaae : a Seriet of DeUnettioiit of tfae 
Affection« of the Skin, in their more interetting and freqaent foroai ; with a 
Practical Summary of their Symptoms, Diagnosis, and Treatment, includmg 
appropriate FormuUe. By Robert Willis, M J)., Member of the Boyid 
College of Physicians. The Drawings are after Natare, and Lithograpbed 
by Arch. Henning. These Illustrations are comprised in 94 Plates, folio« 
Tlie Drawings are Oiiginals, carefully oolonzed. Bonnd in doth, iettered. 
London, 1843 . • . . . . .600 

On the Treatment of Stone in the Bladder by Medical and Mecfaanical 

Means. London, 1842 • . . .050 

Wood. A Treatise on the Practice of Mediane, by George B. Wood, MJ). 

Seoond edition, 2 vola. 8to. Philadelphia, 1849 . . 1 10 

Babington. Primitiffi Flor» Samioe; or, an Outline ol the Flora of the 
Channel Islands of Jersey, Guemsey, Aldemey, and Sark. 12mo. London, 
1839 . . . . . . .040 

Fielding and Gardner. Sertum Plantamm; or, Drawings and Descrip- 
tions of Rare and undescribed Pliuits from the Aathor*s Herbarium. By 
H. B. Fielding ; assisted by G. Gardner, Superintendent of the Royal Botanic 
Gardens, Ceylon. 8vo. London, 1844 . . . .110 

Gray and Spragoe. Genera Flone AmerioB Boreafi OiientaBs. Illastrata 

200 Plates. 2 toIs. 8to. Boston, 1848^49 . . . 3 10 

HassaU. A History of the British Fresk-water Alge, comprising Descriptions 
and Coloured Delineations of nearly 500 Spedes, including the Desmid» anct 
Diatamäoea. This Work is being re-issued in 12 Monthly Parts. Price, each 3 6 

Hooker. loones Plantarum. By Sir W. J. Hooker, Director of the Royal 
Botanic Gardens, Kew. New Series, Vols. I— IV, oontaining 100 Plates each 
with Explanations, 8vo. cloth. London, 1842—1844. Each voL .18 

VoL IV. Part 2. London 1848 . . . 14 



The London Journal of Botany. Vols. I— VI, with 24 Plates each. 



boards. 1842—47 . . . . • .600 

iVbv redueed to 20 5XiflSN^t eäeh VoL 
Notes on the Botany of the Antarctic Voyage, conducted by Caftain 



Jamsb Clark Roas, R.N., F.R.S., in H.M.S. Erehm and Terror; with 
Obsenrationa on the Tussac Grass of the Falkland Islands. 8to. with 2 coloured 
Plates. London, 1843 . . . . .040 

Niger Flora ; or, an Enumeration of the Plauts of Western Tropical 



Africa, CoUected by the late Dr. Th. Vogel, Botanist to the Voyage of the 
Expedition sent by Her Britannic Majesty to the River Niger in 1841, under 
the Command of Capt H. D. Trotter, R.N., including Spicilegia Gorgonea, 
by P. B. Webb, and Flora Nigritiana, by Dr. J. D. Hooker and George 
Bentham. With 2 Views, a Map, and 50 Plates. 8vo. London, 1849 ; 1 1 

Mather (W.) Outlines of Botany. Part I, with 7 Platea, 12mo. cloth boards. 

London, 1848 . . . . . . .026 

Hiers ( J.) Illustrations of South American Plauts, VoL 1. 4to. With 34 Plates. 

London, 1847—50 . . . . . . 1 15 

Sohleiden. The Plant; a Biography, in a Series of Populär Lectures on 
Botany. Edited and Translated by A. Henfrey, F.L.S. 8to. with 5 coloured 
Plates, and 13 Woodcuts. London, 1848 . . . . 15 

Wight. Ulustrations of Indian Botany ; or, Figures lUustratiye of each of the 
Natural Orders of Indian PUnts, described in the Author's Prodromus Florse 
Peninsuhelndie Orientalis; but not confined to them. By Dr. R. Wight, 
F.L.S., Surgeon to the Madras Establishment. Vol. I, published in 13 Parts, 
containing 95 coloured Plates. Madras, 1838—40 . . . 4 17 6 

Vol. II, Part 1 and 2, containing 146 coloured Plates. Madras, 

1841-49 . . • . 2 10 

Odd PariM may he obtained to complete Set$. 
MB, Revent Stnet, IiO«««B, aad 1«0, Wwdtam Btnet, M ew York. 
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Wi^t. locyBM Pbatanim IndSc Orienttlis; or, Flgnm of Indin Plantt. By 
Dr. Robot Wight, F.L.S., Surgeon to the Madras BstabEüimeiit. YoL I, 4to. 
ooDäatmg of 16 Parts, containing together 318 PUtes. Madras, 1838—40 .400 
-»— ^— ^ Ydl. II, consisting of 4 Pttrta» oontaming together 318 Plates. 

Madras, 1840--42 .550 

VoL III, Parts l to 4, wHh 509 Plates. Madras, 1843-47. 6 

YoL lY, Parts 1 and 2, with 223 Plates. Madras, 1848 .350 

Odd Part9 «My be Mamed to complete Sel9. 



Contiibiitioiis to the Botany of India. By Dr. Bobert Wigfat, F.L.S., 



Sorgeon to the Madras BstaUishment 8vo. London, 1834 .076 

piom Neilgherrense ; or, a Seleciion of Neilgfaerry Planta, Dmwn 



and Coloared finom Nature, ^th Brief Descriptions of each ; lome General 
Betnarks on the Geo«i|>hy and AiBnities of Natural Ftoiilies of Plants, and 
Oceasional Notiees of their Boonomical Properties and Uses. By Dr. Bobert 
Wight, F.L.S., Sorgeon to the Madras Establishment. 3 ParU, 4to. with 
150 ooloored Plates. Madras, 1846—48 . 4 10 

Prodnmras Flor« PeninsalaB IndisD Orientalis; containing ahiidged 



Descriptions of the Plants foond in the Peninsola of British India, arranged 
according to the Natural System. By Drs. Robert Wigfat, FX.S., and 
Walker Amott YoL I, 8to. London, 1834 . . 16 

ifomiroiiatiiic« 

i^mlrta. and Bhus, with Dlrections for their Use in Mechanicai Injuries and 

in other Affections. ISmo. London, 1848 . • .010 

BeUxiomini (J., M.D.) Scarlatina; its Treatment Homcaopathically. Svo. 

London, 1843 . . . • . .010 

BcBimillghSllflen. Mannal of Homorapathic Therapeutics, intended as a Ouide 
to the Study of Materia Medica Pura. TransUted, with Additions, by S. Laune, 
M.D. 8to. 1848 . . . . • 12 

' Essay on the Homoeopathie TKatment of Intermittent Feren. Sto. 

New York, 1845 . .026 

Black. A Tieatise on the Prindples of Homompathy. 8to. London, 1842 .090 

Curie (P. F., M.D.) Practice of Homompathy. 1 toL 8to. London, 1838 .060 

« Prindples of Homowpathy. 1 toI. 8to. London, 1837 . .050 

— — Jahr's HomoBopathy. New E^tion, 2 vols. 12mo. London, 1847 1 12 

See Jabb. 

— ^— ^ Domestic Practice of Homoeopathy. 3rd Edition, 1850 .070 

Dadgeon. The Pathogenetic Cyclopedia, a Systematic Arrangement and 

Anslysia of the Homceopathic Materia Medica. YoL I. 8to. London, 1850 . 18 

Dunaford (Harrifl). The Pathogenetic Effects of some of the Prindiua Ho- 
mceopathic Bemedies. 8to. London, 1838 . . .060 

— The Prsctical Advantages of HomGoopathy, illustrated by numerous 
Gases. Dedicated, by permission, to Her Majesty Queen Adelaide. 1 vol. 
8yo. boards. 1841 . . .060 

Domestic Homceopathy; or, Bules for the Domestic Treatment of the 
laladies of infants, Children, and Adults, and for the Conduct and Treat- 
ment during Pregnancy, Confinement, and SuckUng. 4th Edition, 12mo. 
London, 1844 . . . . . . f , 6 

EYerest (T. B.) A Populär Yiew of Homcsopathy ; exhibiting the Present 
State of the Sdence. 2nd Edition, amended and much enlaiged. 8vo. Lon- 
don, 1836 . . . . . .060 

■ A Letter addressed to the Medical Practitioners ci Great Britain on the 

Subject of Homceopathy. 8to. London, 1834 . .016 
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